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NOTE 


The  papers  published  in  this  volume  do  not  represent  the  oomplete 
proceedings  of  the  AGARD  Conference  on  "Preliminary  Design  Aspeots  of  Military 
Aircraft"  held  in  The  Hague  from  2  to  5  September  1969*  The  meeting  was 
classified  "NATO  SECRET",  and,  therefore,  6  classified  papers,  the  abstract 
of  the  round  table  discussion  and  the  discussion  forms  will  be  published  by 
AGARD  in  a  second  part  of  the  conference  proceedings  ind  will  be  sent  to  the 
Ministry  of  Defense  at  each  NATO  country.  TT  you  are  interested  in  this 
classified  part,  please  contact  the  MOD  or  the  AGAR  National  Distribution 
Centre  of  your  country. 


Col.  Ludwig  ffOUCER 
Executive  of  the  AGARD 
Flight  Mechanics  Panel 


CONTENTS 


Page 

NOTE  i  j  j 


SPSS  ION  I.  PROJECT  DP'S  I GN 


Re  Terence 

INTRODUCTORY  PAPER 
by  Clem  C. We issman 

1 

PROJECT  DESIGN  OF  COMBAT  AIRCRAFT 
by  B.O.  Heath 

2 

AVIONS  D’  ARME  -  PROGRAMMES  ET  REALISATIONS 
par  H.Deplante 

3 

THE  USE  OF  TRADE-OFF  STUDIES  IN  PRELIMINARY  DESIGN 
by  ll.Langfelder 

4 

SESSION  II. 

AERODYNAMICS 

AEROELASTIC  CONSTRAINTS  FOR  LARGE  AIRPLANES  WITH  A  CANARD  CONTROL 
by  W.T. Hamilton 

5 

SOME  FLUID-DYNAMICS  CONSIDERATIONS  RELATING  TO 

OF  COMBAT  AIRCRAFT 

by  J. Williams  and  R.K.Page 

THE  PRELIMINARY  DESIGN 

6 

FUTURE  ADVANCES  IN  THE  AERODYNAMICS  OF  MILITARY 
by  R.  H.  Klepinger,  W.M.  Stout  and  J.W.  Carlson 

STRIKE  AIRCRAFT 

7 

SESSION  III. 

POWER  PLANT 

DESIGNER’S  VIEW  OF  POWER  PLANT  PROBLEMS 
by  R.S.  Hooper 

8 

THE  DESIGN  PROCESS 
by  .1.  E.  Worsham 

9 

L’  INTEGRATION  DU  PROPULSEUR  ET  Dt  LA  CELLULE  SUR  UN  AVION  DE  COMBAT 

SUPERSONIQUE 

par  G.  de  Richemont 

10 

SESSION  IV. 

STRUCTURES 

DESIGNER’S  VIEW  ON  STRUCTURAL  PROBLEMS 
by  R.Riccius 

11 

LOAD  ESTIMATION  AND  AEROEL AST IC I TY  IN  THE  INITIAL  STAGES  OF  ADVANCED  COMBAT 
AIRCRAFT  OESIGN 
by  B.  J .  Bee  lc 

12 

THE  INFLUENCE  OF  NEW  MATERIALS  ON  AIRCRAFT  DESIGN 
by  R.F.Hocner 


13 


Intorduotory  Remarks 

on 

PRELIMINARY  AIRPLANE  DESIGN 

by 


Clem  C.  WEISSKAN,  The  Pentagon,  U.S.A 


Introductory  Remarks 
for  the 

35th  Meeting  of  the  FMP 
on  the  subject  of 
PRELIMINARY  AIRPLANE  DESIGN 
by  Mr.  Clem  C.  Weissman 


Ladles  and  Gentlemen: 

I  quote  from  one  of  the  most  recent  AGARD  bulletins  : 

"The  Advisory  Group  for  Aeroapaoe  Research  an!  Development  (AG»RD)  Isa  NATO 
agency  under  the  authority  of  the  Military  Committee."  The  following  vugraph  shows  the 
mission  of  AGARD  as  given  in  this  bulletin. 

Mission  (Vugraph  l) 

As  it  may  have  been  said  by  the  philosopher,  Heraclitus,  in  about  5°C  B.C. ,  "All 
things  are  in  prooess  and  nothing  stays  still",  so  is  it  with  »G ARD  and  NATO.  Not  only  has 
the  organisation  of  NATO  changed;  not  only  has  the  word  "aeronautical"  ohanged  to  "aerospaoe"; 
but,  the  mission,  as  seen  here,  has  also  undergone  some  change  from  the  objectives  as  set 
forth  by  Dr.  Theodore  Von  Karman  and  the  first  national  delegates  meeting  in  February  1951* 

The  objectives  at  that  time  in  Von  Karman’ s  writings  included  the  following  words  : 

1.  "To  review  continuously  the  apj>lloation_of_adyanoes  in  aeronautical  soience 
to  oommon  defense  problems"  and 

2.  "To  make  recommendations  for  the  solution^ of  problema  referred  to  it  by 
agenoles  within  NATC,  including  eyaluation_of_research_and_deyeloj>ment_ 

grojeots  submitted  by  individual  nations." 

To  some  of  us,  the  trend  in  AGARD,  as  it  has  grown  since  1952  when  it  consisted 
mainly  of  the  National  Delegates  to  todays’  Panel  and  Committee  structure  involving  approx¬ 
imately  350  panel  members;  has  been  highly  specialised  and  away  from  the  "application  of 
advances"  to  a  complete  airplane  design  that  may  solve  a  NATC  problem. 

The  Flight  Mechanics  Panel  in  sponsoring  this  meeting  today  desires  to  highlight 
and  explore  a  problem  that  involves  an  evaluation  of  the  specialised  research  and  development 
projects  carried  on  in  individual  nations.  That  is,  the  designer’s  problem,  the  task  of 
achieving  a  correct  balance  between  the  different  disciplines,  aerodynamics,  propulsion, 
structures,  avionics  and  others  involved  in  producing  a  total  airplane  system  to  meet  a 
military  need.  As  stated  elsewhere  before,  the  object  of  this  symposium  is  to  bring  together 
the  designer  and  the  specialist,  to  highlight  the  methods  and  techniques  of  preliminary 
airplane  design  and  to  explore  those  compromises  involved  in  the  early  design  stage  that  so 
often  frustrate  the  dedicated  specialist. 

It  is  the  hope  of  the  program  coordinators  that  this  meeting  will  also  serve  the 
additional  purpose  of  improving  the  cooperation  among  us.  The  presentations  that  follow 
these  opening  remarks  will  illustrate  different  approaches  to  design,  different  engineering 
and  management  practices  and  different  national  values  placed  on  the  manager,  engineer  and 
scientist.  The  program  coordinators  encourage  you  to  keep  in  mind  the  differences  in  airplanes 
of  the  same  type  when  one  is  able  to  develop  a  prototype  rather  than  a  production  model  first. 

With  the  present  oomplex  state  of  aircraft  technology  it  is  no  longer  possible  for 
the  designer  to  "invent"  his  own  alroraft  and  get  them  developed  through  to  the  flight  stage. 
The  expense  involved  in  the  development  process  leads  to  the  necessity  for  major  external 
funding,  usually  in  the  oase  of  military  aircraft  from  government  souroes  or  possibly  from 
groups  of  governments.  This  in  turn  has  led  to  major  external  vetting  of  all  stages  of  the 
design  process. 


The  stages  usually  found  in  a  development  program  are  shown  in  Figure  1.  The  names 
given  to  these  stages  may  differ  from  oountry  to  oountry,  but,  the  essential  actions  are 
the  same.  The  modern  milJtnry  design  starts  with  a  draft  requirement  set  out  by  the  military 
authorities  for  an  airoraft  to  meet  an  anticipated  military  need.  In  this  context,  we 
weloome  the  S.H.A.P.E.  representatives  here  today,  and  in  the  seventh  session  we  will  hear 
from  them  their  views  on  the  direction  in  whioh  the  requirements  for  military  oombat  aircraft 
are  likely  to  go  in  the  future. 

At  this  initial  stage  the  requirement  is  set  out  in  generalized  terms.  Feasibility 
studies  are  undertaken  to  this  requirement  to  outline  the  various  possible  technical 
solutions,  together  with  indications  of  time-scale  and  cost.  This  enables  an  initial  study 
of  the  relative  oost  effectiveness  of  alternative  proposals  to  be  determined  (Figure  2). 

From  the  knowledge  obtained  from  tho  feasibility  studies  as  to  what  is  technically  possible, 
the  military  authorities  can  produce  a  firm  requirement.  One  or  more  project  studies  will 
then  be  oarried  out  against  the  full  requirement.  These  projeot  studies  explore  in  depth 
an  airoraft  proposal  and  end  up  with  a  complete  airoraft  specification  with  detailed  per¬ 
formance,  development  and  production  time  Soales  and  oosts.  It  is  during  this  phase  that 
all  the  major  technical  problems  must  be  investigated  and  solved,  and  schemes  must  be 
completed  fop  the  whole  design  (Figure  3). 

'ffMen  the  specification  is  accepted  and  a  design  go-ahead  is  given,  the  major 
compromises  and  decisions  have  already  been  made  and  only  detailed  design  and  manufacture  of 
the  first  ^iroraft  remains.  The  necessity  for  these  decisions  to  be  made  during  the  projeot 
study  stage  is  often  not  dearly  understood  by  those  responsible  for  the  requirements  and 
the  funding  of  military  airoraft.  Excessive  delays  and  major  cost  inoreases  are  incurred 
when  changes  ‘o  a  requirement  are  made  after  a  design  go-ahead  has  been  given. 

In  the  preliminary  design  phase  -  during  feasibility  and  projeot  studies  - 
all  facots  of  technology  have  to  be  considered.  During  this  symposium  we  will  be  reviewing 
these  various  disciplines  with  sessions  on  Aerodynamics,  Power  Plant,  Structures,  Airframe 
Systems  and  Operational  Systems.  In  each  session  there  will  be  an  introductory  paper  reviewing 
the  design  problem,  followed  by  specialist  papers. 

The  Flight  Mechanics  Panel  is  grateful  for  the  help  they  have  received  from  the 
Fluid  Dynamics  Panel,  the  Propulsion  and  Energat.ios  Pansl,  tho  Structures  and  Materials 
Panel,  tho  Guidance  and  Control  Panel  and  the  Avionics  Panel  in  arranging  these  specialist 
papers. 

In  the  past  ten  years,  there  has  been  a  serious  deficiency  of  new  design  airoraft 
in  flight  test  in  the  United  Stntes.  Comparatively  speaking  there  are  many  new  design 
Innovations  in  flight  status  in  the  European  countries.  The  advanoement  of  state-of-the-art 
in  aviation  requires  all  the  stages  from  researoh  through  exploratory  development,  engineering 
development  and  flight  test  to  production  nf  a  total  aircraft  system.  It  is  hoped  that  this 
mooting  contributes  to  that  advance  .writ  by  introducing  in  AGARD  the  subject  of  the  preliminary 
design  aspects  of  military  aircraft. 
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MISSION 

The  mission  of  AGAJU)  is  to  bring  together  the  leading  personalities  of  the 
NATO  nations  in  the  fields  of  scienoe  and  technology  relating  to  aerospace  for  the 
following  purposes  s 

a.  Recommending  effective  ways  for  the  member  nations  to  use  their  researoh 
and  development  capabilities  for  the  oommon  benefit  of  the  NATO  o oam unity) 

b.  Providing  scientific  and  technical  advioe  and  assistanoe  to  the  Military 
Committee  in  the  field  of  aerospaoe  researoh  and  development  ; 

o.  Continuously  stimulating  advanoes  in  the  aerospaoe  aoienoes  relevant  to 
strengthening  the  oommon  defence  posture; 

d.  Improving  the  co-operation  among  member  nations  in  aeroapaoe  researoh 
and  development; 

e.  Exchanging  of  sclentlfio/teohnloal  information; 

f.  Providing  assistance  to  member  nations  for  the  purpose  of  increasing 
their  solentifio  ar.d  technical  potential; 

g.  Rendering  solentifio  and  technical  assistanoe,  as  requested,  to  othsr  NATO 
bodies  and  to  member  nations  in  connection  with  researoh  and  development 
problems  in  the  aerospaoe  field. 
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SUMMARY 


This  paper  is  intended  to  serve  as  an  introduction  to  the  later  specialist  sessions  by 
shooing  how  project  design  must  increasingly  call  upon  the  many  specialist  skills  in  a  modern 
aircraft  organisation  embracing  design,  test,  production  and  commercial  directorates,  in 
association  with  engine,  equipment  and  avionic  firms:  attention  to  absolute  cost  in  addition 
to  cost  effectiveness  has  promoted  new  co-operative  functions.  Project  Design  has  become 
a  process  for  anticipating  with  confidence  the  type  of  complete  declaration  of  performance, 
integrity,  timescale  and  costs  previously  often  only  emerging  as  detail  stages  were  completed: 
the  traditional  role  of  establishing  a  datum  aircraft  configuration  is  covered  as  one  part 
of  a  project  design  process  which  as  a  whole  must  ensure  margins  and  tolerances  acceptable 
to  both  contractor  and  procurement  agency. 
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PROJECT  DESIGN  OF  COMBAT  AIRCRAFT 


B. 0.  Heath 


1.  INTRODUCTION 

Some  aspects  of  project  design  activities  are  presented  against  a  United  Kingdom  background,  which  has  become 
increasingly  influenced  by  international  collaboration  since  1965. 

Up  to  the  1950’ s  it  was  a  common  expectation  in  Great  Britain  and  elsewhere  to  progressively  develop  air¬ 
craft  as  members  of  a  growing  family,  each  'Mark'  giving  either  an  improvement  in  performance  -  typically  range 
or  speed  -  or  in  armament  and  equipment  fit  specified  to  meet  any  particular  new  role.  In  many  cases  at  least 
the  initial  phases  of  development  were  insured  by  the  Government  sponsoring  parallel  activities  on  prototypes 
within  two  or  even  three  firms,  sometimes  with  small  scale  versions  preceding  the  main  aircraft  where  innovation 
(often  size)  was  considered  sufficiently  great,  to  warrant  this.  The  V-Bomhers  of  the  1950's  give  one  example 
of  this  latter  aspect. 

Although  long  production  life  and  versatile  application  still  remain  the  final  aims,  there  are  many  changes 
in  the  way  this  now  has  to  be  secured:  after  competitive  phases  a  fighter  strike  aircraft  is  developed  by  a 
single  chosen  firm,  the  first  aircraft  having  a  first  flight  date  several  years  after  that  of  its  predecessor; 
in  the  United  Kingdom  true  prototypes  are  not  usual,  Service  clearance  being  attained  through  a  Development 
Batch’  of  aircraft  with  a  standard  expected  closely  to  resemble  that  for  the  Service  aircraft.  These  have  to 
give  a  high  specified  performance  from  the  start,  embracing  a  wide  variety  of  requirements  foreseen  as  covering 
the  needs  of  many  years  to  come. 

There  were  many  reasons  for  this  change  in  procedure:  within  U. K.  it  was  directly  sponsored  by  requirements 
from  the  Zuchemann  plan  which  itself  reflected  deeper  reasons  such  as  led  to  the  industrial  rationalisation. 
These  included  the  desire  to  avoid  duplication,  reaction  to  the  difficulties  from  trying  to  extrapolate  subsonic 
development  across  the  speed  of  sound  which  had  led  to  some  expensive  but  finally  abortive  propositions;  the 
higher  development  content  and  greater  absolute  price  of  the  subsequent  aircraft  which  did  provide  genuine 
supersonic  capabilities.  The  customer  had  a  greater  wish  to  be  convinced  as  to  the  operational  adequacy  of 
any  proposal:  he  required  greater  ‘visibility’  throughout  and,  with  the  contractor,  wished  to  avoid  expensive 
and  frustrating  modifications  by  ensuring  the  best  match  between  operational  requirements  and  what  was  feasible 
technically,  respecting  reasonable  cost  and  for  a  given  Service  Programme. 


All  this  has  changed  and  increased  the  scope  of  work  in  what  was  previously  considered  initial  design.  The 
length  of  time  between  completely  new  designs  has  introduced  a  much  greater  element  of  decision  as  to  the  degree 
of  innovation  to  embody,  balancing  potential  risk  against  rewards.  This  has  to  be  justified  to  the  customer 
and  his  technical  agencies  who  will  be  open  to  the  claims  and  attractions  of  a  variety  of  existing  aircraft 
some  of  which  will  have  had  the  benefit  of  flight  development  and  have  thereby  a  known,  even  if  somewhat 
inferior  capability.  The  merits  of  such  rival  aircraft,  particularly  in  aggregate,  provide  a  great  challenge 
to  the  project  design  team  to  provide  aircraft  with  sufficient  advantage  in  capability  and  economy  as  to  justify 
commencement  of  his  own  project.  He  must  not  be  tempted  to  promise  too  much. 

Such  ccnsideratiuns,  and  the  fact  that  economic  and  *,ptTatlui.al  needs  act  most  lightcT  strike  aircraft  oik 
IV  fietigK  facTi  Ptaatef  pltrlt-ra  aFvU5id  W  -  1  fHhsentlhllJ  light  alloy  st+ueliitt  s-nt  j-tcl  H)  pfigKwirt 
containable  kinetic  heating,  directional  stability  and  stiffness  requirements)  mean  that  the  better  elements  of 
the  prototype  plus  progressive  development  approach  again  have  attractions  in  establishing  and  exploiting  basic 
capabilities  by  the  earliest  flight  development. 

2.  ORGANISATIONAL  ASPECTS 

The  time  between  major  new  designs  at  least  has  the  advantage  -  even  in  a  multi-project  organisation  -  that 
a  balanced  design  and  estimating  team  is  available  from  the  start  of  a  new  project.  A  share  of  wind  tunnel 
and  computer  time  is  available  and  procedures  and  programmes  developed  on  other  designs  make  it  possible  to 
produce  ‘point  designs’  quite  rapidly.  One  of  these  is  likely  to  receive  more  high  quality  technical  input 
than  did  a  mainstream  design  of  the  1950' s.  Cost  estimators,  production  planners  and  Service  Department 
engineers  form  part  of  the  project  design  team:  much  progress  has  been  made  using  data  compiled  from  earlier 
projects  and  under  the  stimulus  of  formal  Value  Engineering  to  provide  background  cost  data  similar  to  that 
available  in  structural  and  aerodynamic  activities,  so  that  reliable  absolute  costs  may  be  derived,  and 
optimum  solutions  pursued  as  far  as  is  sensible.  For  example,  the  true  cost  of  processes  which  a  few  years 
ago  were  covered  by  general  rates  are  now  known.  Progress  has  been  remarkable:  a  few  years  ago  Engineers  were 
not  allowed  to  see  cost  submissions:  now  they  are  increasingly  responsible  for  detail  contributions  to  them 
and  for  maintaining  the  close  budgets  which  result. 
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The  means  whereby  overall  Integration  of  effort  is  secured  within  one  whole  organisation  is  briefly 
described. 

B.A.C.  Preston  Division  use  an  organisation  of  the  project  management /line  management  matrix  type  wherein 
lino  management  are  responsible  for  the  technical  or  specialist  adequacy  of  the  aircraft  and  for  the  detailed 
implementation  of  requirements.  They  feed  into  each  project  the  experience  from  others  and  are  responsible 
for  maintaining  their  cost  and  timescale  commitments  against  estimates  agreed  with  project  management.  The 
Project  Manager  is  responsible  for  ensuring  compatibility  across  the  line  directorates  and  ensuring  that 
customer  requirements  of  cost,  performance  and  timescale  are  interpreted,  promulgated  and  actioned. 

A  senior  project  representative  with  allegiance  to  both  project  and  line  management  is  established  at  each 
node  of  the  matrix.  During  the  feasibility  and  definition  phases  such  personnel  are  detached  from  the  main 
organisation  to  represent  their  Department  or  specialist  views  in  the  overall  synthesis  of  the  project  proposals 
within  the  Project  Office.  When  the  project  expands  in  later  phases  they  return  to  their  departments  giving 
continuity  and  providing  a  local  nucleus  for  manpower  expansion. 

The  project  office  has  permanent  overall  planning,  monitoring  and  control  groups  and  nominees  for  overall 
cost  control  in  very  close  co-operation  with  the  Estimat ing/Flnancial/Commercial  complex  on  task  definition, 
estimating,  monitoring  and  control. 

Apart  from  final  contractual  and  financial  aspects  the  Project  Manager  provides  the  official  contact  with 
the  customer  and  in  many  ways  represents  him  within  the  firm.  The  establishing  of  an  analogous  Project  Team 
within  the  customer’s  agency  has  proved  to  be  a  great  advantage,  allowing  the  development  of  quick  reacting 
machinery  for  reaching  decisions,  economic  reporting,  and  fruitful,  frank  discussion  of  problems  and  their 
solution  making  the  maximum  use  of  all  resources. 


3.  PARAMETRIC  STUDIES 

Parametric  analysis  has  not  been  excluded  by  the  capability  for  rapid  synthesis  of  point  designs  in  some 
detail:  such  analysis  is  used  to  establish  first-order  areas  of  design  solutions  as  part  of  establishing  a 
datum  (Eig.l),  to  Investigate  rates  of  exchange  between  performance  parameters  and  between  performance  and 
weight.  Growth  factors  for  assessing  the  overall  effect  of  extra  specific  items  and  if  existing  engines  are  not 
suitable,  the  sizing  of  the  engine  and  matching  of  its  thermodynamic  cycle  to  the  needs  of  the  requirement 
often  appeal  to  parametric  models. 

However,  aircraft  definition  is  not  the  continuous  process  often  postulated  by  parametric  studies,  and  the 
earliest  opportunity  is  taken  to  ensure  by  a  physical  study  and  point  designs  that  some  important  but  possibly 
peculiar  non-uniformity  does  not  in  fact  invalidate  a  general  trend.  Some  ingenious  layout  may  apply  on  one 
side  of  a  given  sizing  since  elements  of  an  aircraft  scale  at  different  rates  or  conversely  a  design  may 
integrate  well  at  one  size  but  not  when  much  removed  from  it. 

Throughout  the  design  process  there  is  a  need  for  Immediate  and  concise  guidance  for  engineers  and  designers 
so  that  their  decisions  can  be  as  soundly  based  as  possible  and  ascribable  to  a  given  source.  However,  in 
contrast  to  the  later  stages  of  development  when  for  example  Design  Office  Standard  and  Stressing  Data  Sheets 
are  precise  and  stable,  there  are  many  areas  in  the  early  stages  of  design  where  corresponding  precision  is  not 
possible  and  where  a  clear  presentation  is  difficult  even  if  a  correlation  exists  because  of  the  large  number 
of  variables  involved.  Initial  weight  estimation  of  swept  wings  was  once  shown  to  be  given  as  reliably  by  a 
simple  percentage  of  gross  weight  as  by  complex  formulae  connecting  aircraft  weight,  wing  loading,  design  speed, 
sweep,  thickness,  taper  and  aspect  ratio. 

Taking  wing  weight  as  an  example,  the  earlier  availability  of  stress  calculations  for  muin  structure  remains 
somewhat  vulnerable  as  far  as  weight  is  concerned  because  of  the  comparatively  large  contribution  of  secondary 
structure  so  that  parametric  methods  remain  very  useful.  One  way  of  resolving  this  dilemma  is  to  plot  component 
weights  against  some  very  simple  function  such  as  structural  overhang  ratio,  not  expecting  to  obtain  correlation, 
but  to  use  judgement  in  selecting  relevant  points  from  the  cloud  obtained.  Figure  2  shows  such  a  cloud  from 
many  wings.  This  may  then  prompt  correlating  factors  which  are  powerful  enough  to  secure  good  correlation. 

Figure  3  shows  an  abstract  for  delta  wings  from  Figure  2  in  which  meaningful  strength  and  stiffness  parameters 
(with  a  correction  for  design  temperature)  gave  excellent  correlation  by  separating  out  those  delta  wings  which 
were  designed  by  one  or  other  parameter.  Normally  this  legitimate  engineering  difference  would  have  appeared  as 
a  scatter.  The  wing  when  built  showed  the  validity  of  the  approach. 

3.1  Initial  Sizing 

The  forces  which  act  on  an  aircraft  (lift,  drag,  thrust  and  welght/lnertia)  and  the  areas  which  support  them 
(wing  and  intake  area,  wetted  area,  cross  sectional  and  base  areas)  provide  the  main  overall  parameters  requiring 
definition.  They  are  conveniently  grouped  into  ratios  such  as 
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T,  W,  L. 

W  S  D 

Wetted 
Ref.  Area 

Payload 
Total  Wt. 


Fuel 

Total  Weight 

and,  given  certain  supporting  data,  it  is  possible  to  express  most  performance  parameters  in  terms  of  these  and 
(say)  total  weight. 

For  example,  the  boundaries  of  sustained  capability  of  an  aircraft  embracing  maximum  speed,  ceiling,  either 
at  1  'g'  or  when  manoeuvering  are  all  obtained  when  specific  excess  power 

V 

S.E.P.  =  (T-D)  " 

is  equal  to  zero.  S.E.P.  is  therefore  regarded  aB  one  measure  of  combat  capability  and  it  is  now  usual  for  at 
least  one  value  of  it  to  be  specified  at  operationally  meaningful  conditions  as  a  datum  requirement  it  is 
equivalent  to  steady  rate  of  climb. 

Again,  most  sorties  are  made  up  from  individual  elements  of  cruise  over  which  the  Breguet  Range  Equation 
applies 


V  L  W- 

Range  =  —  x  —  log  — 

sfc  D  Wj 

Further,  for  so-called  transient  manoeuvring  i.e.  forces  balanced  normal  to  the  flight  path  but  not 
necessarily  along  it 


L  =  (n  W  -  P) 


C.  q  S 


(a  case  which  covers  landing  and  take-off). 

Take-off  distances  are  given  by  an  equation  of  the  form 


W 

ClP/,5  a  W/S 
2  (T-D-juR)  T/W 
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It  will  be  appreciated  from  these  examples  that  apart  from  a  few  'Inconveniences’  such  as  combat  allowances, 
reserves,  trim  loads,  ground  friction,  such  expressions  collapse  fairly  readily  into  fairly  handleable 
combinations  of  the  stated  ratios  but  apply  to  the  particular  conditions  to  which  they  relate  e.g.  take-off, 
cruise,  combat,  with  or  without  stores  at  landing  etc.  It  is  then  necessary  to  relate  them  to  a  single  datum 
condition  such  as  take-off  so  that  the  conflicts  and  areas  of  possible  solution  are  best  presented  for  resolu¬ 
tion  and  agreement.  This  collation  again  introduces  various  ratios  of  weights  and  further  illustrates  the 
need  for  statistically  based  data  such  as  percentage  structure  weights.  Since  some  elements  of  an  aircraft  are 
fixed  (typically  payload)  absolute  weight  itself  will  be  involved. 

Figure  4  shows  the  results  of  such  an  investigation:  range  was  first  presented  as  a  function  of  T/W,  W/S  at 
take-off  for  several  absolute  weights:  one  weight  was  then  selected  on  cost  grounds  and  other  performance 
requirements  added  for  the  selected  weight  as  a  series  of  bounds  of  thrust  and  wing  loadings.  The  area  remain¬ 
ing  unshaded  represents  a  range  of  possible  design  solutions  which  agreed  well  with  point  designs  derived  less 
systematically. 

While  the  above  essentially  aerodynamic,  and  to  a  degree  non-dimensional  approach  is  being  applied  over  a 
range  of  weights,  an  examination  will  be  in  progress  to  secure  a  single  weight  breakdown  by  growth  factor  methods. 
Knowing  or  postulating  elements  such  as  the  fixed  load  of  the  aircraft,  the  approximate  fractional  weights  of 
the  structure  and  aircraft  systems,  an  order  of  fuel  capacity,  thrust  and  hence  engine  weight,  it  is  possible 
to  derive  an  overall  weight  which  hopefully  is  not  at  variance  with  that  emerging  parametrically. 
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3.2  Coat  Parameters 

Initial  engineering  estimates  of  airframe  cost  arc  baaed  on  various  atatiatlcal  scalings  (Fig.  5)  (combinations 
of  powers  of  reference  weight)  allied  to  costs  of  avionics,  engines,  and  bought-out  items  which  themselves  may 
be  empirical.  Such  approximations  are  overtaken  by  full  Estimating  procedure  as  airframe  and  equipment  are 
defined.  The  advance  activities  of  production  planners  and  Supply  Departments  assist  this  more  meticulous 
synthesis  of  production  and  Investment  cost  which  is  needed  to  meet  formal  contract  and  commercial  activities 
associated  with  project  definition. 

As  stated,  in  the  early  stages  of  estimation  weight  does  provide  some  indication  of  cost  via  material  content 
and  size  which  governs  machining  and  fabrication  manhours  but  it  is  far  from  being  as  complete  an  index  to  the 
cost  of  fighter  strike  aircraft  as  many  seem  to  believe. 

For  a  given  capability  many  items  associated  with  crew,  armament  and  equipment  remain  constant  in  weight  and 
volume  requirement  as  overall  size  is  decreased.  Drags,  thrusts  and  many  elements  of  weight  are  more  nearly 
geared  to  the  square  of  linear  dimensions  (the  latter  increasingly  so  as  minimum  gauge  considerations  appear). 
Thus,  since  some  overal 1  similarity  must  apply  as  size  is  decreased,  volume  which  is  more  nearly  falling  as  a 
cube  law  becomes  increasingly  in  demand  by  the  intrusion  of  the  square  law  weights  now  expressed  as  volumes, 
and  by  the  fixed  requirements  of  crew  etc. 

Assuming  that  practical  considerations  of  access  can  be  resolved  (since  areas  have  decreased)  density  will 
be  higher  and  increasing  ingenuity  and  refinement  in  design  will  be  necessary.  Assembly  time  will  not  drop  as 
predicted  and  the  greater  recourse  to  more  refined  structure  to  beat  minimum  gauges  will  be  more  costly  than 
expected.  Accommodation  of  fuel  becomes  increasingly  difficult  leading  to  more  complex  tank  shapes,  greater 
sealing  difficulty  and  production  complexity. 

The  absolute  dimensions  available  for  control  surfaces,  hinges  and  actuators  become  an  increasing  challenge. 
Engines  may  themselves  be  less  attractive  at  very  small  sizes  because  of  scale  effects  on  blades  and  because 
of  mechanical  complexity  akin  to  minimum  gauges. 

The  effect  of  all  such  factors  is  to  introduce  increasing  complexity  as  size  is  unduly  reduced,  such  that 
the  variation  of  cost  eventually  reverses  with  respect  to  weight.  (Fig. 6). 

It  seems  well  understood  that  weight  saving  exercises  introduced  after  primary  definition  are  expensive  but 
the  effect  of  excessive  ambition  on  weight  saving  in  early  phases  does  not  appear  to  be  similarly  appreciated. 

It  may  be  that  growth  factors  derived  on  much  larger  aircraft  subject  to  such  extreme  emphasis  on  performance 
as  to  place  them  on  the. 1/1  -  ‘payload’  ratio  line  are  responsible. 

Part  of  the  project  effort  in  the  feasibility  and  definition  phases  will  be  to  convince  their  own  Board  and 
the  several  levels  of  officials  involved  that  cost  estimates  are  accurate  and  comprehensive,  not  only  on  unit 
production  price  but  also  on  research  and  development.  Production  price  is  more  readily  susceptible  to  specific 
illustration  through  the  application  of  statistics  (both  gross  and  detailed)  which  have  been  compiled  over  many 
years  (e.g.  by  ratefixing)  and  which  remain  valid  for  light  alloy  aircraft.  Research  and  development  costs 
have  been  notoriously  difficult  to  assess;  with  benefit  of  hindsight  initial  underestimation  is  more  readily 
identifiable  than  any  particular  inefficiency  of  execution.  Empirical  examinations  were  available  giving  the 
variation  of  R.  &  D.  cost  with  such  factors  as  design  speed,  weight,  wing  loading.  Tooling  received  similar 
treatment  but  the  scatter  was  too  great  for  commercial  purposes.  Data  has  now  been  accumulated  from  later 
detail  recording  to  enable  total  estimates  to  be  built  up  from  many  elements  of  design,  flight  and  ground  test, 
tooling  etc.  which  provide  the  basis  for  budgetary  control  on  the  new  project.  Such  data  is  very  necessary  to 
condition  undue  optimism  that  the  passage  of  time  and  the  application  of  accumulated  experience  can  completely 
eliminate  unknowns  and  enable  a  minimum  estimate  of  cost  and  timescale  to  be  implemented.  This  could  be 
approached  with  restraints  such  as  selection  of  existing  equipment  and  modest  initial  performance  but  the  usual 
level  of  operational  demands  and  the  need  for  minimum  unit  cost  have  the  effect  of  continually  pressing  the 
‘state  of  the  art'  so  that  development  content  includes  much  that  is  not  routine:  allowances  have  to  be  made 
for  what  is  achievable  in  practice  so  that  reference  to  past  records  is  essential. 


4.  LAYOUT  CONSIDERATIONS 

It  is  difficult  to  give  a  general  description  of  activities  in  the  very  early  stages  of  design  since  the 
process  is  iterative  with  a  rate  of  convergence  which  depends  on  the  severity  of  the  requirement  in  relation 
to  the  experience  of  the  team  involved  (Section  4  may  be  found  helpful  but  appeals  to  hindsight  of  solutions 
which  have  emerged).  Apart  from  the  ‘scientific’  approach  a  few  experienced  designers  will  set  an  intuitive 
lead  i.e.  guess  solutions  which  are  appraised,  trimmed  where  too  much  capability  is  found,  modified  or  renego¬ 
tiated  where  a  shortfall  exists.  Several  alternative  layouts  will  doubtless  be  considered:  in  such  cases  it 
is  essential  to  ensure  that  technical  optimism  and  assumptions  are  consistent  e.g.  that  an  assessment  of  (say) 
wing  planform  is  not  confused  by  irrelevently  different  assumptions  on  afteibody  design,  or  density  of  equip¬ 
ment  packaging.  Good  communication  within  the  design  team  is  very  necessary  but  possible  because  of  the  small 
team  involved. 

It  is  a  matter  of  judgement  as  to  what  extent  possibly  quite  legitimately  involved  differences  should  be 
admitted  into  a  study:  if  too  much  variation  is  allowed,  the  degree  of  uncertainty  is  increased  and  may  obscure 
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the  more  direct  differences.  In  the  final  event  one  particular  wing  pi  an  form  may  affoct  fuselage  density  by 
Isay)  matching  up  better  with  a  particular  engine  installation  or  tail  arrangement  hue  if  in  fact  the  engine 
installation  was  changed  completely  for  malntalnance  reasons  and  the  tailplane  was  changed  for  flutter,  their 
original  inclusion  would  not  have  been  relevant.  Thus  when  a  variation  is  being  studied  it  1b  generally 
preferable  to  constrain  changes  to  those  which  are  directly  and  irrevocably  associated  with  the  change,  other¬ 
wise  tho  whole  process  could  become  a  technical  stalemate. 


When  a  combination  of  guesstimate,  past  experience,  engineering  analysis  and  cost  estimation  have  specified 
a  combination  of  weight,  thrust  and  wing  area  which  appear  capable  of  satisfying  requirements  at  acceptable 
cost,  it  iB  necessary  to  establish  physical  characteristics  in  more  detail. 

Weapon  system  philosophy  has  so  emphasised  mutual  dependence  of  features  and  functions  within  an  aircraft 
almost  as  if  to  defy  any  start  ever  being  made,  but  in  keeping  with  everyday  experience  a  start  can  be  made  by 
defining  those  parts  which  are,  or  appear  to  be,  the  easiest  and  most  nearly  self-contained. 

Where  a  single  satisfactory  solution  is  apparent  it  should  be  adopted  as  a  basis:  a  novel  proposal  should 
not  be  admitted  until  it  is  apparent  that  accepted  practice  is  not  adequate.  Where  several  solutions  are 
possible  even  an  arbitrary  choice  is  better  than  no  choice  at  all:  if  such  a  selection  is  confirmed  this  is 
clearly  satisfactory  but  even  if  not  confirmed  it  is  still  progress.  The  essentially  iterative  process  of 
design,  particularly  in  the  early  stages  of  project  activity  is  reflected  most  visibly  between  the  phases  of 
feasibility,  definition,  development  and  production  when  formal  re-assessments  of  proposals  and  progress  are  made 
with  possible  re-orientation  of  requirement,  but  analogous  scrutiny  applies  down  to  detail.  Filtering  of 
information  and  adequate  communication  on  the  lines  of  the  project/line  management  matrix  described  in  Section  2 
are  necessary  to  ensure  this. 


During  Initial  definition,  project  management  has  to  judge  when  recommendations  from  one  area  of  activity 
should  be  allowed  to  change  a  datum  established  from  the  balance  of  many  considerations:  if  a  change  is  made 
revision  of  otherwise  stabilised  areas  may  occur,  causing  them  to  develop  their  own  improvements  or  deficiencies, 
prompting  further  changes  or  a  return  to  the  earlier  standard.  To  avoid  such  oscillations  and  since  time  and 
manpower  are  finite,  a  change  may  have  to  be  tentatively  admitted  for  assessment  in  parallel  with  the  main  datum. 
This  is  a  controlled  form  of  indecision  which  must  not  be  overdone.  However,  despite  the  best  of  intentions, 
several  permutations  of  ‘quasi -datums'  will  exist  in  contrast  to  the  rigorous  procedures  for  consistency  which 
have  to  apply  in  the  later  phases  of  aircraft  design  and  production  and  which  occur  naturally  in  industries 
having  little  innovation:  aircraft  project  staff  must  be  able  to  work  constructively  knowing  that  there  are 
several  current  variations  on  a  datum  or  with  several  ‘rival’  datums,  without  worrying  that  work  is  out  of 
control.  Designers  seconded  from  line  departments  to  work  with  project  staff  may  initially  find  it  difficult 
not  to  do  this,  but  once  'acclimatized'  help  to  achieve  a  balance.  They  also  ease  later  phases  of  definition 
by  ensuring  continuity  of  information  when  the  design  passes  to  main  departments. 


Good  suggestions  must  always  be  sought  and  encouraged  but  it  is  sometimes  necessary  to  curtail  the  search 
for  optimum  solutions  as  prompted  by  individual  specialisms:  frequently  the  difference  in  direct  merit  - 
typically  weight  -  between  alternatives  is  found  to  be  small  after  much  comparative  work  has  been  done  and  the 
overall  effect  within  the  accuracy  of  estimation.  It  is  certainly  necessary,  but  not  always  easy,  to  avoid 
the  development  of  alternatives  without  much  to  choose  between  them  in  order  to  try  to  force  out  some  significant 
difference  between  them.  This  prolongs  indecision  and  denies  manpower  to  more  worthy  subjects  of  which  the 
item  under  discussion  is  no  exception:  it  can  occur  after  protracted  comparative  investigation  to  determine  a 
preference,  that  overdue  assessment  in  real  depth  discloses  shortcomings  which  were  common  to  either  proposal. 

For  example,  even  a  worthwhile  investigation  of  tailplane  frame  depth  and  actuator  installation,  trading 
structure  weight  for  afterbody  cleanliness,  could  be  detrimental  if  pursued  too  far  or  too  long  to  the  detriment 
of  stiffness  or  its  earliest  consideration. 

Unlike  those  for  civil  aircraft,  criteria  for  worthwhile  weight  saving  on  military  aircraft  are  difficult  to 
quantify  in  absolute  terms  and  seem  to  vary  throughout  the  life  of  the  project.  It  is  saddening  that  many 
decisions  taken  with  quantification  really  seem  to  be  as  arbitrary  as  without  it.  This  occurs  where  weight  or 
performance  gains  have  to  be  assessed  against  a  difference  in  final  maintenance,  or  development  slippage  etc. 

Procedures  for  more  precise  quantification  under  the  stimulus  of  value  engineering  can  be  useful  but  the 
amount  of  data  required  for  reaching  a  decision  (for  example  on  wing  planks)  is  sometimes  akin  to  that  needed 
for  final  manufacture  so  that  again  the  balance  of  manpower  allocation  needs  watching. 

One  area  where  quantification  is  helping  considerably  is  in  safety  and  reliability  assessment:  possible  but 
remote  modes  of  failure,  or  combinations  of  failures  such  as  previously  led  to  the  embodiment  of  design  features 
increasing  weight  and  cost  without  in  the  event  significant  effect  (or  even  a  detriment)  are  now  unlikely  to  be 
adopted. 

Having  made  these  introductory  remarks  and  fully  realising  that  in  practice  a  large  measure  of  interaction 
does  take  place,  various  sections  of  the  aircraft  are  now  briefly  examined  to  see  how  readily  they  can  be  made 
to  respond  to  early  detailing  while  overall  work  is  proceeding.  This  aspect  is  important  on  shared  projects 
where  final  detail  responsibility  may  be  vested  in  different  organisations  who  will  need  to  satisfy  themselves 
as  soon  as  possible  as  to  the  practicality  of  the  weight,  cost  and  timescale  promises  for  their  final  areas  of 
activity.  Action  to  cover  interfaces  is  important  but  is  a  problem  readily  appreciated  by  all  concerned  and 
thereby  more  capable  of  being  covered  than  some  within  individual  responsibilities  which  are  less  immediately 
apparent. 
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4. 1  Forward  Fuselage 

In  Its  most  straightforward  aspect  the  layout  of  the  forward  part  of  the  fuselage  provides  the  easiest  area 
for  rapid  definition  in  detail:  cockpit  layout  is  well  defined  dimensionally  in  standard  handbooks  of  require¬ 
ments  and  given  the  number  of  crew,  the  type  of  ejection  seat,  any  particular  view  or  armament  requirements, 
radar  and  black  box  sizes,  the  cockpit  and  nose  fuselage  may  quickly  be  laid  out  and  passed  into  the  hands  of 
specialist  and  detail  designers;  It  has  been  known  to  remain  at  Issue  1  even  at  first  flight.  This  presupposes, 
however,  either  that  the  inputs  mentioned  are  quickly  available  or  evident,  or  alternatively  that  a  more  complex 
programme  has  been  correctly  sequenced  so  that  anticipatory  weapon  system  studies  have  been  carried  out:  apart 
from  the  possible  consideration  of  ejection  capsules,  avionic  considerations  predominate  this  section  of  the 
aircraft  which  has  to  embody  the  results  of  the  most  comprehensive  tasks  of  integration  in  the  aircraft  weapon 
system.  Most  of  the  issues  will  be  the  balance  between  overall  efiectlveness  against  cost  followed  by  trade¬ 
offs  within  and  between  particular  weapon  sub-systems. 

In  the  former,  typically  some  aspect  of  specific  improvement  in  navigation,  or  delivery  accuracy,  in  optical 
or  electronic  view  often  coupled  with  weapon  size  will  have  to  be  balanced  against  the  extra  cost  of  providing 
these,  both  directly  and  on  the  aircraft  with  growth  effects. 

Through  his  team  the  project  designer  must  draw  upon  the  advice  of  avionic  and  operational  specialists  who, 
while  aware  of  the  merits  of  the  items  of  innovation  or  the  degree  of  sophistication  they  propose,  do  not 
always  appreciate  the  associated  development  risks,  the  direct  and  indirect  size  and  cost  increases  of  the 
aircraft  and  its  possible  deterioration  because  of  fixed  budget  and  the  effect  on  other  modes  of  operation. 

Such  considerations  immediately  introduce  a  need  for  knowledge  of  the  whole  aircraft  and  its  unit  and 
development  costs  so  that  the  effect  of  the  items  under  consideration  can  be  assessed.  A  postulation  of  the 
environment  in  which  the  aircraft  is  to  be  used  both  in  peace  and  war  is  required  but  the  latter  is  not  always 
subject  to  precise  definition.  Emphasis  on  flexibility  of  the  aircraft  and  its  equipment  is  therefore  of  great, 
importance. 

It  should  not  be  thought,  therefore,  that  the  need  for  action  all  lies  on  the  avionic  and  operational  sides; 
a  basic  aircraft  concept  is  quickly  needed  and  the  quantitative  aerodynamic  performance  effects  of  extra 
protuberances  can  be  difficult  to  estimate. 

4.2  Rear  Fliselage 

The  rear  fuselage  usually  houses  the  engines  and  is  therefore  less  easy  than  the  nose  to  consider  separately 
from  the  rest  of  the  aircraft  because  of  continuity  of  ducts  and  intake.  Loads  and  stiffness  requirements  are 
high  and  structural  considerations  need  to  be  kept  in  mind  from  the  start. 

Like  avionics  the  propulsion  system  is  a  most  important  area  in  which  overall  iteration  supported  by  associ¬ 
ated  specialist  skills  must  be  related  to  fundamental  requirements,  appealing  to  the  greatest  extent  to  the 
benefits  which  variation  in  engine  size  and  thermodynamic  cycle  can  give  when  a  new  engine  is  permissible. 

Through  we'ight  and  balance  the  engine  and  its  fuel  affect  more  weight  in  the  aircraft  than  any  other  source. 

A  new  engine  will  only  be  admissible  if  its  advantages  are  proven  in  relation  to  the  existing  engines.  This 
itself  will  demand  studies  embracing  total  costing  including  R.  &  D. ,  Production,  and  Service  phases:  it  may  be 
necessary  to  assess  the  merits  of  single  and  twin  engined  versions. 

Where  absolute  cost  dictates  the  use  of  an  existing  engine  the  best  selection  and  proposals  for  adaptation 
will  have  to  be  made.  In  any  case  the  principles  of  installation  down  to  comparatively  detail  features  can 
materially  affect  performance  through  base  drag,  nozzle  and  intake  efficiency.  Anticipatory  activities  by 
theoretical,  wind  tunnel  and  test  rig  activities,  all  related  to  available  flight  experience  are  therefore  at  a 
premium. 

Choice  of  engine  size  is  the  most  important  task.  Before  reliable  reheat  was  available,  the  selection  of  an 
engine  of  large  thrust  to  cover  maximum  speed  and  longitudinal  accelerations  would  inevitably  prejudice  range 
and  endurance  by  virtue  of  uneconomic  running  when  throttled  back.  Availability  of  reheat  has  relieved  this 
situation  and  is  generally  used  on  modern  fighter-strike  aircraft;  providing  a  welcome  flexibility  for  the 
aircraft  designer  even  with  the  high  fuel  consumption  when  lit  and  the  larger,  heavier  jet  pipes,  burners  and 
nozzles  which  have  to  be  accommodated  at  all  times.  Reheat  gives  high  thrusts  for  take-off  but  the  smaller 
engine  gives  overall  economy  for  cruise  and  loiter  at  dry  ratings.  Supersonic  speeds  are  readily  attainable 
but  introduce  optimisation  procedures  for  engine  sizing,  selection  of  intake  and  afterbody /nozzle  combinations 
as  affected  by  operational  requirements.  Pitot  intakes  have  the  merit  of  simplicity  and  good  efficiency  for 
fighters  typically  up  to  M  =  1.8  and  are  decreasingly  adequate  beyond,  but  if  allied  to  short  take-off  and 
extended  subsonic  cruise  they  need  doors  and/or  variable  inlet  geometry  to  aid  inlet  matching.  The  inlet  may 
then  be  associated  with  geometries  giving  two  shocks  for  better  supersonic  recovery  around  and  above  M  =  2. 
Devices  such  as  convergent -divergent  nozzles  are  claimed  as  attractive  for  Mach  2  thrust-minus-drag  but  are  heavy 
and  do  not  give  the  best  economy  in  subsonic  cruise  because  of  base  area  and  overexpansion.  Thus  aircraft  such 
as  TSR. 2  with  M  =  2  capability  nevertheless  had  an  aerodynamically  simple  rear  fairing  because  of  physical  air¬ 
craft  balance  and  an  operational  radius  which  involved  both  subsonic  and  intermediate  supersonic  speeds.  The 
Lightning  even  with  initial  supersonic  emphasis  retains  a  simple  rear  fuselage  shape  and  a  fixed  intake: 
efficient  Integration  with  air-to-air  weapons  and  avionic  system  give  required  operational  characteristics 
without  a  complex  propulsion  system. 
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In  terms  of  internal  thermodynamic  parameters,  maximum  turbine  inlet  temperatures  have  always  been  sought 
since  apart  from  amortised  research  and  Incremental  direct  production  cost  they  represent  maximum  energy 
extraction  from  Inlet  air  and  kerosene  fuels  with  benefit  to  thrust,  radius  and  overall  aircraft  sizing. 

Increase  of  compression  ratio  is  another  generally  desirable  aim  moderated  by  feasibility,  cost  and  complexity, 
engine  weight,  and  on  applications  with  definitive  cases  at  high  Mach  number  (where  compression  iB  increasingly 
provided  by  the  intake  once  high  speeds  have  been  attained).  Various  proposals  for  mixed  propulsion  units  have 
generally  not  been  acceptable  on  strike  aircraft  because  of  logistic  objections. 

With  the  introduction  of  by-pass  engines,  a  further  degree  of  freedom  becomes  available  to  the  designer,  but 
one  again  demanding  further  activity  to  decide  the  best  characteristics  aero-thermodynamical ly.  If  by-pass 
ratio  is  set  high,  problems  with  reheat  may  occur,  at  a  level  decided  by  the  particular  form  ol  reheat  burner; 
if  sizing  is  set  for  take-off,  time  to  height  or  S  E  P.  with  reheat,  the  dry  engine  may  be  inadequate  in  thrust 
for  subsonic  dash.  If  too  close  an  approach  to  a  pure  Jet  is  proposed,  s.f.c.  increases  and  Inadequate  radius 
results.  An  example  is  shown  with  air  mass  flow  as  abscissa  deciding  time  to  height,  and  by-pass  ratio  as 
ordinate  decided  by  subsonic  dash  and  radius.  Realistic  body  shaping  closes  the  area  of  possible  solution. 

(Pig. 7). 

By-pass  engines  have  by  virtue  of  their  cooler  outer  annulus  given  valuable  relief  to  airframe  heating  con¬ 
siderations  but  the  cooling  arrangements  for  the  engine  and  its  zoning  need  early  definition.  Experience  gained 
on  the  reheat  of  hotter  straight  jets  is  directly  relevant  to  the  hot  zones  of  by-pass  engines.  Greater 
tendency  to  Intake  sensitivity,  less  flexibility  for  air  tapping  and  engine  re-lighting  need  attention. 

The  rear  fuselage  houses  the  most  important  tailplane  (usually  taileron)  control  actuators  which  have  to  be 
sized  for  adequate  operating  force,  rate  and  stiffness,  with  good  back-up  structure  and  adequate  volume  for  stiff 
levers,  input  stages  and  access.  Servo  engineers  have  therefore  to  contribute  to  detail  design  at  an  early  Btage. 

Fuselage  lines  and  spigot  geometry  have  to  be  compatible  with  a  wide  angular  taileron  operating  range  without 
gaps,  and  to  give  a  pivot  axis/aerodynamic  centre  relationship  compatible  with  load  capability  of  the  jack  and 
with  aeroelastic  requirements,  both  static  and  dynamic.  A  close  Integration  must  exist  between  thiB  installation 
and  afterbody  lines  on  the  outside  of  the  fuselage,  and  with  the  jet  pipe/nozzle  on  the  inside.  Clearances 
between  the  engine  and  surrounding  structure,  in  which  the  tailplane  attachment  frames  are  most  fundamental, 
presents  a  matter  for  the  earliest  discussion  between  airframe  and  engine  firms,  with  advice  from  maintenance 
engineers,  the  earliest  use  of  mock-ups  and  tentative  clearance  with  customer  representatives,  such  as  C.S.D.E. 
in  U.K. 

4.3  Centre  FUselage 

The  centre  fuselage  being  by  definition  adjacent  to  the  centre  of  gravity  necessarily  contains  fuel  which 
must  basically  balance  about  the  c.g.  and  the  armament  and  main  undercarriage  attachments  which  cannot  be  far 
removed  from  it.  It  must  provide  efficient  structural  connection  between  the  front  and  rear  fuselage  sections, 
transfer  symmetrical  loads  between  wing  panels,  and  pick-up  antisymmetrical  wing  forces  for  eventual  reaction 
at  the  tail  surfaces.  Adequate  volume  must  be  provided  outside  the  fuel  tanks  for  control  and  cable  runs  and 
for  engine  intake  ducts  on  which  it  will  doubtless  be  considered  prudent  to  allow  an  area  margin  for  engine 
development  as  later  changes  would  be  so  fundamental  as  to  be  best  avoided.  In  view  of  these  many  demands  for 
volume,  the  maximum  cross  section  of  the  aircraft  lies  in  this  section  and  this,  coupled  with  overall  area 
distribution  will  be  the  subject  of  close  attention  for  minimisation  and  shaping  consistent  with  realistic 
clearances  and  access.  Detail  deliberations  involving  operational  usage  and  an  understanding  of  the  enemy  fire 
to  be  encountered  are  needed  to  decide  the  type  of  tankage  and  its  protection.  With  operational  radius  these 
considerations  condition  the  extent  to  which  fuel  tanks  are  allowed  to  infiltrate  into  structural  voids  not 
ideal  for  them.  Rectangular  section  tanks  have  good  characteristics  such  as  low  area  to  volume  ratio  for 
minimum  vulnerability  and  minimum  bag  tank  weight.  They  give  good  access  and  have  low  edge  length  to  volume  to 
minimise  sealing  difficulties  where  integral  tanks  are  employed,  and  are  easier  for  production.  Departure  in 
favour  of  more  difficult  shapes  should  be  taken  only  when  essential. 

The  whole  of  the  centre  fuselage  makes  great  tall  on  the  Judgement  of  the  designers  in  calling  upon  the 
specialisms  of  vulnerability,  reliability,  as  conditioned  by  maintainability:  installation  of  controls  and 
equipment  demands  particularly  careful  technical  balance. 

U  U  heeoirtf*  4M*eftt>4h®4»  eoniMi  for  to  Ire  itAVaUed  life  4* 

to  help  move  the  c.g.  forward  after  take-off  where  an  aft  limit  is  advantageous  for  nose  lifting,  there  is  an 
attraction  in  retracting  at  least  the  main  undercarriage  forward.  This  usually  gives  a  greater  area  of 
secondary  structure  and  doors  as  opposed  to  rearwards  retraction  where  some  integration  with  engine  access  is 
sometimes  possible. 

The  selection  of  tyre  size,  pressure  and  wheel  arrangement  will  doubtless  be  the  subject  of  specialist  study 
balancing  the  advantages  of  low  pressures  against  disadvantages  due  to  the  stowage  volume  required  to  accommodate 
an  undercarriage  of  soft  field  capability  which  affects  maximum  cross  sectional  area  and  thereby  drag  and 
performance.  Checks  at  the  true  soft  field  level,  at  that  for  drained  grass  and  tracking,  and  concrete  arc 
appropriate  and  clearly  should  be  related  to  the  proposed  landing  and  take-off  runs.  A  whole  specialist  activity 
has  grown  up  to  advise  on  the  number  of  operations  from  given  surfaces  as  a  function  of  reaction  and  tyre 
pressures. 
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By  exercising  geometric  and  mechanical  Ingenuity  undorcarriagc  bay  Bize  and  its  shape  may  be  tailored  to 
natch  wheel,  intake  and  tank  contours,  but  the  local  increases  in  weight,  complexity  and  development  risk 
must  be  assessed  against  overall  economy. 

4.4  Wing  and  Tail  Surfaces 

Wing  surfaces  are  somewhat  analogous  to  the  nose  fuselage  as  far  as  this  paper  is  concerned  in  that  design 
can  very  rapidly  be  supposed  to  proceed  when  parameters  such  as  size,  planform,  thicknesses,  control  surfaces 
and  high  lift  devices  are  defined,  but  this  supposition  rests  on  a  great  deal  of  work  in  the  aerodynamic, 
structural,  and  aeroelastic  areas  of  activity,  reinforced  at  the  earliest  opportunity  by  wind  tunnel  tests. 

Since  many  development  tasks  and  problems  of  high  speed  aircraft  are  associated  with  low  speed  conditions,  the 
rapid  production  and  testing  of  low  speed  models,  basically  of  wood  and  thereby  capable  of  ready  modification 
is  a  welcome  capability,  now  aided  by  the  rapid  mechanical  production  of  aircraft  lines  from  master  data 
derived  manually.  This  facility  aids  the  production  of  metal  models  for  high  speed  testing. 

Due  to  the  thinness  of  the  wings  and  their  frequent  location  relatively  high  on  the  fuselage,  it  is  now 
uncommon  for  the  main  undercarriage  to  be  installed  in  the  wings:  this  has  the  advantage  that  an  uninterrupted 
wing  torsion  box  can  be  developed  with  good  characteristics  for  integral  tankage. 

Some  aspects  of  selecting  wing  size  are  covered  in  section  3.1,  but  the  full  treatment  of  selection  of 
sweep,  aspect  ratio,  taper  ratio,  thickness,  is  beyond  the  scope  of  this  general  paper.  The  issue  is  one  very 
much  dominated,  as  far  as  the  author  is  concerned,  by  the  availability  of  variable  sweep  which  helps  resolve 
many  previous  compromises. 

In  an  aircraft  having  a  fixed  wing  it  is  necessary  to  decide  on  a  wing  sweepback  which  is  high  enough  with 
the  chosen  thickness  chord  ratio  to  permit  high  speed  cases  to  be  attained  while  still  permitting  an  aspect 
ratio  (and  where  possible  a  fuel  contribution)  to  allow  the  radius  of  subsonic  cruise  cases  to  be  met. 

Absolute  wing  thickness  must  be  adequate  to  allow  high  lift  devices  to  be  mounted  and  operated  and,  in  terms 
of  chord,  for  the  chosen  aerodynamic  flow  patterns  to  be  made  manifest  for  take-off,  landing  and  manoeuvrability. 
The  choice  of  aspect  ratio  and  thickness  introduces  absolute  weight  contributions  which  have  to  be  fed  into 
overall  performance  assessments.  Selection  of  taper  ratio  is  a  balance  between  avoidance  of  tip  stall  and 
installational  limits  which  occur  with  too  great  a  taper,  and  excessive  weight  if  insufficient  taper  is  adopted. 

The  extent  and  complexity  of  high  lift  devices  is  dictated  by  landing  and  take-off  requirements  plus 
manoeuvring  within  the  speed  range  where  the  stressing  weight  and  aerodynamic  effects  such  as  trim  are  acceptable 
or  can  be  made  so.  The  importance  of  view  on  the  approach  will  condition  the  choice  of  single  or  double  slotted 
flaps. 

Section  characteristics  are  a  specialist  area  embracing  theory  and  testing  in  which  it  is  usual  for  a  2- 
dlmensional  basis  to  be  first  understood  and  these  related  to  possible  planforms  with  various  combinations  of 
camber  chordwise  and  spanwise  for  which  computer  programs  now  exist.  In  cases  where  sweep  and  thickness 
justify  refinement,  techniques  initially  developed  for  airliners  are  relevant  to  securing  good  root  flow 
characteristics. 

The  wing  will  doubtless  be  called  upon  to  carry  overload  stores  demanding  strong  points  and  wiring;  any  fuel 
tankage  will  need  pipes,  pumps  or  air  supply  and  gauging  but  otherwise  it  should  be  possible  to  keep  the  wing 
simple  with  good  structural  efficiency,  running  flap  and  slat  drives  within  the  secondary  shroud  structures. 

Modern  structural  computing  techniques  are  particularly  useful  and  worthwhile  optimisation  of  the  main  box 
can  be  undertaken.  Production  considerations  on  the  choice  of  the  number  of  spars,  and  skin  reinforcement  as 
affected  by  sealing  can  be  introduced. 

A  typical  selection  is  between  fabricated  skin-stringer  wing  skins  which  to  be  competitive  on  weight  with 
Integrally  milled  skin  panels  needed  to  be  in  lithium  based  light  alloy:  integral  construction  was  selected 
after  preliminary  forming  tests  of  the  latter  material  showed  cross  grain  difficulties  in  thin  gauges  which 
would  have  prejudiced  the  stringer  roots  had  a  fabricated  wing  panel  been  adopted. 

In  all  such  considerations  it  is  obviously  essential  that  the  project  engineer  consider  the  material  in  a 
form  in  which  it  is  usable,  and  that  the  sizes  of  sheets  assumed  (for  example)  are  compatible  with  what  will 
be  supplied:  a  material  which  appears  attractive  on  a  general  specific  strength  or  stiffness  basis  may  not  be 
so  attractive  in  thin  gauges,  and  if  sheet  sizes  are  restricted,  the  provision  of  extra  joints  will  offset 
basic  advantages. 

The  availability  of  Numerically  Controlled  Machining  has  made  various  refinements  which  would  not  have  been 
admissible  ten  years  ago  both  possible,  and  economic:  Titanium  flap  tracks  are  one  example. 

In  wing  design  (and  generally)  it  is  still  the  procedure  to  derive  scantlings  on  the  basis  of  strength 
requirements,  obtaining  influence  coefficients  as  a  most  valuable  by-product  of  digital  calculations.  By 
allying  these  with  mass  distributions,  including  external  stores  and  various  fuel  states  and  with  aerodynamic 
lifting  surface  derivatives,  wing  flutter  speeds,  and  static  aeroelastic  effects  can  be  checked,  any  adjustment 
to  skin  thickness  made  and  realistic  weights  derived.  Static  aeroelasticity  and  changes  in  flow  pattern  at 
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higher  incidences  give  valuable  relief  to  wing  bending  loads  and  also  ameliorate  the  basic  swept  wing  aero¬ 
dynamic  shift  with  Mach  number.  If  reliably  known  these  effects  can  materially  assist  basic  layout:  a  series 
of  Wind  Tunnel  tests  in  the  Project  Definition  Phase  can  check  the  characteristics  of  deformed  wing  over  a  range 
of  normal  coefficients. 

Although  much  of  the  foregoing  may  appear  to  be  associated  with  detail  design  phases,  an  adequate  antici¬ 
pation  of  satisfactory  aeroelastic  characteristics  of  the  wing  and  tail  surfaces  in  the  earliest  phases  is 
important  and  possible  with  modern  methods.  Similar  considerations  apply  to  the  tail  surfaces:  tailplane  spigot 
orientation  is  a  fundamental  parameter  in  rear  fuselage  layout;  fins  and  tailerons  have  to  be  quite  large  in 
comparison  with  wing  area  and  their  being  at  the  rear  of  the  aircraft  demands  that  their  weights  need  to  be 
realistic  for  balance  also. 

The  wing  to  tail  relationship,  and  their  settings  on  the  fuselage  are  some  aspects  of  overall  integration 
covered  in  the  examples  of  Section  4. 

Wing  body  angular  setting  is  typically  a  balance  between  high  lift,  lateral  handling  and  vision  on  the 
approach  on  one  hand,  and  high  speed  pitching  moments  on  the  other.  Anheural  and  sweep  are  coupled  by  lateral 
stability  considerations.  Simulator  checks  an:  desirable. 

Longitudinal  wing  to  fuselage  spacing  may  either  be  pressed  towards  a  minimum  to  reduce  fuselage  weight  but 
needing  a  large  tailplane  (possibly  subject  to  non-linearities  of  downwash  and  to  store  and  flap  buffeting) 
or  for  similar  longitudinal  stability  margins,  a  smaller  tailplane  on  a  longer  and  therefore  heavier  fuselage 
may  be  selected.  In  the  latter  case  ground  clearance  angles  may  dictate  a  longer  undercarriage  which  will  be 
heavier  unless  extra  complexity  is  admitted  but  operational  factors  such  as  the  installation  of  armament  may 
be  decisive  for  undercarriage  length  particularly  on  a  small  aircraft. 

It  is  general,  but  not  universal  practice,  to  attain  as  large  a  vertical  spacing  as  possible  between  the 
planes  of  wing  and  tailplane.  A  wing  mounted  high  on  the  fuselage  helps  d'.'ectly  in  this  respect,  but  with 
high  sweepback  extra  anhedral  is  necessary  in  such  a  case  because  of  body  ,  >.ig  interaction  and  this  is  not 
helpful  longitudinally.  The  anhedralled  tip  of  the  TSR.  2  wing  illustrated  one  manner  of  resolution  with  a 
structural  penalty  for  the  skin  joint  and  kink  rib. 

It  may  be  thought,  and  correctly,  that  aircraft  design  is  not  a  matter  of  deriving  several  components  and 
then  assembling  them  in  a  manner  reminiscent  of  a  plastic  toy  construction  kit.  However,  it  is  the  function 
at  the  enguvaut  to  cmnUU’  u  wi)  «Mu  «  fcutlhU  «t  m  to  iMukm  tfe  nmlbur  4  DtinilkUtn 

of  unknowns  and  it  is  worthy  of  note  that  several  successful  families  of  aircraft  have  appealed  to  not  dis¬ 
similar  concepts  in  development  and  production  (Mirage  and  several  civil  examples,  and,  evidently  during 
competitive  phases  in  the  Soviet  Union: 

Fitter,  swept  wing:  Fishpot,  tailed  delta 

Faceplate,  swept  wing:  Fishbed,  tailed  delta) 

Possibly  more  could  be  done  to  exploit  this  concept  to  help  reduce  development  cost  and  timescale,  and  to 
reduce  production  costs. 


5.  SOME  EXAMPLES  OF  OVERALL  SYNTHESIS  OF  DESIGN 

Some  illustrations  as  seen  in  retrospect  of  the  way  in  which  aircraft  have  fitted  together,  way  be  helpful 
since  it  is  difficult  to  describe  in  general  and  in  an  interesting  manner  a  procedure  which  is  iterative  and 
highly  responsive  to  the  particular  conditions  which  apply,  both  in  terms  of  detailed  requirement  and  also  to 
the  available  state  of  the  art. 

The  P.  1  which  preceded  the  Lightning,  was  designed  when  reheat  was  not  fully  proven  but  nevertheless  full 
supersonic  performance  was  required.  Twin  engines  mounted  above  each  other  in  the  rear  fuselage  gave  a  frontal 
area  compatible  in  shape  and  size  with  a  seated  pilot  and  flat-stowed  nose  undercarriage:  even  when  allied  with 
a  fairly  large  thin  wing  of  high  sweepback,  supersonic  speed  could  be  attained  with  dry  thrust.  The  installation 
of  the  engines  in  the  fuselage  was  accommodated  by  large  load  carrying  doors. 

The  twin  ducts  made  a  mid-wing  attractive  since  its  centre  section  could  pass  between  theai.  This  arrange¬ 
ment  was  alsc  compatible  with  adequate  wing  to  tailplane  vertical  separation  and  a  practical  undercarriage 
retracting  into  the  wing,  which  also  housed  the  fuel.  These  measures  were  both  intended  to  minimise  body 
frontal  area  on  the  basis  described.  The  undercarriage  had  to  be  long  enough  to  meet  the  large  ground  Incidence 
associated  with  highly  swept  wings:  its  stowage  within  the  thin  swept  wing  demanded  considerable  detail 
ingenuity. 

A  high  wing  would  have  rendered  the  undercarriage  impractical;  a  low  wing  would  have  given  poorer  or  unaccept¬ 
able  handling  characteristics. 

The  engine  ducts  were  necessarily  long  and  contoured  but  worked  well  without  development  problems.  The 
outside  of  the  fuselage  (although  once  unkindly  described  as  resembling  a  suitcase)  nevertheless  gave  a 
simplicity  of  shape  for  construction  in  contrast  to  the  more  exotic  shapes  which  quite  incorrectly  became 
synonymous  with  'area  ruling’. 
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The  wing  planform  chosen  was  a  delta  with  the  rear  centre  notched  out.  This  section  is  relatively 
Inefficiently  loaded  at  supersonic  speeds  and  its  wetted  area  is  better  used  for  the  tailplane  which  by  being 
all  moving  (introducing  power  controls)  and  by  exploiting  wing  aeroelastic  effects  could  be  quite  small. 

Ailerons  were  positioned  across  the  remaining  transverse  wing  trailing  edge,  with  their  rolling  force  on  the 
effective  wing  flexural  axis  giving  minim'im  elastic  penalty  in  roll  and  no  reversal. 

Initially  nose  apex  flaps  and  trailing  edge  flaps  were  used  but  experience  showed  the  latter  to  be  adequate. 

In  order  to  reduce  development  risk,  a  plain  pitot  entry  at  the  nose  was  used  (a  position  often  chosen  by 

aircraft  design  teams  extending  Mach  Number  capability). 

■hen  operational  capability  was  extended  the  pitot  entry  with  a  radar  lip  was  replaced  by  a  two-shock 
circular  intake  with  a  radar  dish  installed  in  a  centre  body.  Individual  ‘black  boxes’  were  avoided  by  using 
the  complete  centre  body  as  common  pressurised  surface.  (Pig.  8). 

The  opportunity  was  also  taken  to  simplify  nosewheel  retraction  into  a  single  rotation  by  using  the  centre 

body  support  as  the  housing  for  a  vertically  stowed  nose  wheel:  it  also  gave  a  secondary  air  inlet  for  the 

higher  thrust  engines  available. 

In  1956  in  the  initial  studies  of  a  series  finally  leading  to  the  TSR.  2,  efforts  were  made  to  relieve  the 
weight  and  installation  penalties  of  fuselage  mounted  engines:  by  then  reheat  was  accepted  as  reliable,  giving 
worthwhile  economies  overall  but  imposing  detail  constraints  because  of  the  associated  higher  jet  velocities 
and  temperatures.  In  an  endeavour  to  revert  to  an  earlier  form  of  conventional  solution,  under  wing  nacelles 
were  investigated  (Pig. 9)  with  a  tailplane  raised  above  the  jet  efflux:  however,  even  with  an  exaggerated  V 
tall  (which  needed  bracing  in  the  wind  tunnel)  undesirable  pitch-up  still  occurred  and  the  layout  was  dropped. 
The  most  unconventional  arrangement  was  then  evaluated:  this  was  a  tail-first  configuration  with  ‘conventional’ 
(i.e.  wide-coupled)  canard  to  wing  spacing,  on  which  a  divergent  chase  between  control  requirements  for  nose 
lifting  and  stability  followed.  (Pig.  10).  The  need  for  the  canard  to  stall  after  the  wing  inhibited  the  total 

low  speed  lift  to  be  secured  offsetting  to  some  extent  the  direct  benefit  of  the  upwards  trimming  force  from  the 
canard.  Although  S.T.O.L.  was  needed,  increases  in  wing  area  were  not  desirable  because  of  gust  response  at 
low  altitude  and  high  speed  and  this  approach  was  discarded. 

thus,  in  the  event,  a  rear  fuselage  engine  installation  was  again  adopted.  (Pig.  11)  at  first  with  underwing 
inlets  which  were  discarded  because  of  development  risk  in  favour  of  forward  mounted  side  intakes.  The  con¬ 
sequent  increase  in  inlet  duct  weight,  extra  tail  volume  to  compensate  the  destabilising  effect  of  intake  lift, 
and  overall  size  increase,  had  to  be  accepted. 

In  1959,  pending  the  introduction  of  by-pass  jets,  engine  carcasses,  intermediate  and  final  jet  pipes  and 
nozzles  were  all  hot.  and  therefore  sufficiently  heavy  to  confirm  engines  at  the  rear  to  at  least  minimise 
structural  heating  and  weights:  engines  set  core  centrally  i.e.  nearer  the  c.g.  have  still  to  be  associated 
with  a  similar  weight  of  intake  and  inlet  ducting  since  reasonable  Intake  settling  length  has  to  be  provided, 
and  have  additionally  longer  hot  jet  pipes  to  take  the  jet  efflux  clear  of  the  structure  at  the  tail  end. 

The  P-4  and  Jaguar  (Pig.  12)  have  been  exceptions  to  this  formula  with  structural  provision  on  fuselage  and 
tail  against  reheat  pressures  and  temperatures  emanating  from  nozzles  some  way  forward  of  the  rear  fuselage 
extremity. 

The  most  usual  arrangement  installation  for  engine  of  fighter-strike  aircraft  is  for  them  to  be  located  as 
near  to  the  rear  of  the  fuselage  as  possible  and  generally  for  this  Itself  to  be  as  short  as  possible  so  that 
balance  can  be  aet  without  too  long  a  nose.  Depending  on  the  pressure  of  the  operational  requirement  for  range 
and  associated  supersonic  performance,  it  will  be  necessary  to  depart  from  fuel  tanks  within  the  centre  fuse¬ 
lage  and  wing  only  and  to  allow  these  to  extend  rearwards  in  the  fuselage:  because  of  the  heavy  engine  weight 
of  rear  fuselage  engine  Installations  the  nose  fuselage  tends  to  be  fairly  long  with  space  (comparatively)  to 
spare  in  the  front  centre  fuselage  (typically  between  the  intakes  and  front  ducts).  Thus,  if  fuel  can  be 
accommodated  in  the  rear  fuselage,  a  balancing  volume  can  usually  be  found  in  the  front  giving  double  advantage 
for  fuel  to  the  rear  of  the  engine  face,  but  calling  fer  special  attention  because  of  hot  engine  spots  and  air 
system  pipes  where  these  have  to  be  adjacent  to  fuel  tanks. 

On  TSR.  2,  demands  for  long  range  including  sustained  supersonic  components  led  to  a  very  high  volumetric 
usage  being  developed  with  extensive  integral  fuel  tanks  in  wing  and  fuselage,  the  latter  extending  around  the 
engine  installation  and  thereby  demanding  special  attention  to  fire  detection,  containment,  and  suppression. 
Early  testing  was  essential. 

After  much  deliberations,  c.g.  considerations  when  carrying  underwing  overload  stores  led  to  a  forward- 
retracting  main  undercarriage  on  TSR.  2  requiring  considerable  ingenuity  to  allow  it  to  be  stowed  adjacent  to 
the  intake  ducts  and  armament  bay  within  acceptable  cross  sectional  area,  and  leading  to  one  of  the  few 
development  modifications  needed  in  the  short  but  comprehensive  flight  test  programme. 

Short  take-off  requirements  led  to  stringent  weight  control  measures,  particularly  in  the  rear  fuselage 
because  of  dry  c.g.  considerations. 

A  variable  sweep  wing  was  considered  in  early  studies  for  TSR.2  but  was  rejected  on  grounds  of  timescale 
and  development  risk:  in  1958  there  was  insufficient  data  on  large  heavily  loaded  and  comparatively  slowly. 
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Intermittently  moving  bearings.  Gap  sealing  was  aggravated  by  the  belief  that  it  was  still  necessary  to  trans¬ 
late  the  wing  bodily  as  its  sweep  changed.  The  best  fixed  wing  balance  between  lift  for  take-off  and  landing, 
a  wide  range  of  cruise  conditions  sub  and  supersonic,  and  low  lift  slope  for  minimum  gust  response  was  found 
to  be  a  60°  delta  with  full-span  trailing  edge  flaps.  This  was  made  possible  by  extensive  wind  tunnel  and 
simulator  verification  of  tallerons  i.e.  tailplane  panels  giving  pitch  and  roll.  The  use  of  60°  leading  edge 
sweep  and  all-moving  tailplane  panels  followed  the  satisfactory  experience  with  Lightning  on  separate  tall 
panels  moving  symmetrically. 

This  earlier  experience  has  fed  into  later  aircraft  such  as  M.R.C.A.;  but  in  the  Intervening  period  the 
status  of  variable  sweep  has  itself  changed,  so  that  it  may  now  be  adopted  with  confidence. 

Tests  have  been  carried  out  on  representative  bearings,  in  the  case  of  6.A.C.  first  by  a  staple  swinging  arm 
rig  subject  to  cycles  of  loading  over  a  range  of  sweep  positions  which  gave  good  clearance  of  the  bearing 
surface  and  its  immediate  housings  followed  by  a  more  comprehensive  rig  (Pig.  13)  which  gave  a  fuller  represent¬ 
ation  of  adjacent  structure  and  a  check  on  stiffness  and  stress  distribution.  Both  mechanical  and  pneumatic 
seals  have  been  investigated,  the  former  involving  material  development.  Extensive  tunnel  testing  has  developed 
slat  and  flap  configurations  and  confirmed  trim  and  stability,  with  handling  checks  by  simulator. 

The  necessity  for  wing  translation  with  sweep  may  be  avoided  by  two  arrangements:  that  developed  in  America 
has  an  outboard  pivot  in  the  wing  and  large  fixed  apex.  Pivots  adjacent  to  the  fuselage  side  walls  without  a 
fixed  apex  are  a  European  solution  with  various  merits  which  need  not  be  pressed  in  this  general  paper. 

Variable  sweep  wings  must  be  regarded  as  any  refinement  is  regarded,  namely  the  source  of  additional  develop¬ 
ment,  weight,  cost  and  complexity  as  seen  by  itself  but  which  in  the  correct  application  is  capable  of  conferring 
overall  savings  which  more  than  offset  these  local  disadvantages:  were  it  otherwise  such  devices  would  not  be 
selected.  (Variable  pitch  airscrews,  retracting  undercarriages  are  earlier  examples). 

The  compensating  and  overriding  advantages  of  variable  sweep  are  a  high  lift  mode  associated  with  full  flap 
and  slats  and  forward  wing  position  with  high  aspect  ratio.  High  aspect  ratio  for  loiter  and  cruise  gives 
economies  in  overall  size  while  still  permitting  rapid  acceleration.  High  speed  cases  are  covered  with  wings 
swept  with  excellent  ride  characteristics  throughout. 


6.  INTERNALS 

Having  given  some  indication  as  to  how  the  aircraft  is  derived,  a  superficial  account  of  internal  overall 
definition  may  be  ventured. 

In  practice  this  draws  upon  the  work  undertaken  in  the  several  individual  areas  and  is  in  parallel  with  it. 

6. I  Systems 

The  designer  has  some  areas  to  a  degree  defined  for  him,  for  example: 

Operational  factors  earmark  certain  locations  for  armament,  for  radar  dishes  and  other  aerials:  crew 
arrangements  will  dictate  displays,  seats  and  controls,  vision,  heating  and  cooling:  engines  are  associated 
with  their  own  pumps,  and  with  various  off-takes  for  secondary  air  systems,  air  conditioning,  gear  boxes, 
starters,  constant  speed  drives,  pumps  and  alternators,  and  need  main  ducts  of  given  size  running  forward  to 
the  intakes. 

Booster  pumps  and  gauging  in  fuel  tanks  are  dependent  on  tank  shape  and  layout:  these,  as  described,  are 
dependent  on  first  iterations  of  duct  lines,  with  parallel  assessment  of  protection  and  explosion  suppression. 

If  the  aircraft  has  a  variable  sweep  wing,  volume  for  the  wing  root,  pivot,  actuator  and  seal  will  need  to 
be  provided.  Even  if  an  armament  bay  is  not  provided,  ejection  units  for  stores  will  be  needed  with  appropriate 
structural  attachments  and  wiring  runs. 

Hydraulic  jacks  associated  with  undercarriage,  airbrakes,  and  power  controls  are  necessarily  compatible  with 
the  kinematics  of  undercarriage  retraction  and  surface  rotation  as  conditioned  by  afterbody  lines  and  Junction 
fairing.  Equipment  requirements  can  be  expressed  as  a  series  of  bay  sizes  and  since  overall  area  plots  soon 
become  available  it  is  possible  to  check  that  the  volume  available  from  performance  considerations  is  adequate 
i.e.  to  carry  out  an  overall  check  on  density  (Pig.  14).  Slnoe  space  is  at  a  premium,  the  volume  allowed  for 
accumulators  and  reservoirs,  jacks  and  power  controls  demands  an  early  check  by  the  systems  engineers  con¬ 
cerned,  relating  rates  of  movement,  hinge  movements,  system  pressure  etc.  to  pipe  and  cylinder  demands.  This 
leads  back  to  the  overall  description  of  the  aircraft  being  required. 

Attention  has  to  be  given  to  the  volume  requirements  of  aircraft  systems  not  only  at  the  power  sources  and 
usage  but  to  the  pipes  and  cables  which  connect  them:  to  connect  the  various  areas  of  source  and  usage,  typical 
longitudinal  runs  in  the  nose  fuselage  are  in  side  consoles,  under  the  cockpit  floor  and  alongside  the  nose 
undercarriage.  In  the  centre  fuselage,  natural  runs  with  good  access  exist  along  the  lower  centre  line  in  a 
duct  or  armament  bay  and  at  the  top  as  a  spine.  To  achieve  a  connection  between  these  at  the  front  is 
relatively  simple  by  runs  at  the  rear  of  the  cabin  pressure  bulkhead,  but  similar  interconnection  at  the  rear 
is  generally  more  difficult  as  may  be  the  lateral  branching  of  systems  from  the  central  duct  to  the  engines  on 
a  twin  engined  aircraft. 


Overall  reliability  examinations  will  be  needed  to  check  where  system  duplication  is  Justified.  One  example 
is  afforded  by  an  examination  of  single  and  twin  engined  aircraft  in  which  two  designs  were  completely  costed 
over  a  range  of  fleet  sizes  and  attrition  rates,  see  Figure  15.  A  parallel  examination  was  needed  to  establish 
the  most  likely  attrition  rates  so  that  a  conclusion  could  be  drawn. 

Throughout  the  derivation  of  the  equipment  layout  the  aim  is  to  achieve  the  lightest  and  simplest  layout 
overall  Including  structure  and  reconciling  to  the  greatest  extent  the  requirements  of  malntainance  and  survival 
which  often  conflict:  the  detail  attention  of  later  stages  has  to  be  anticipated  bearing  in  mind  production 
(for  example  the  balance  between  long  'clean'  runs  which  may  in  practice  need  special  breaks  and  access  panels 
on  one  hand,  and  more  tortuous  installations  which  make  concessions  to  structural  continuity,  on  the  other). 

6. 2  Structure 

The  structure  of  the  aircraft  has  to  pick  up,  collect  and  redistribute  the  inertia  loads  acting  on  each  mass 
in  the  aircraft  and  to  ensure  they  react  the  aerodynamic  and/or  ground  forces  in  the  most  efficient  manner  with 
desirable  or  acceptable  distortions. 

It  must  balance  out  as  locally  as  possible  thoan  forces  which  naturally  do  so,  for  example,  bursting  pressures 
from  the  pressure  cabin  and  those  elements  of  aerodynamic  surface  pressure  which  have  no  resultant  (e.g.  ribs). 

Certain  major  structural  units  have  to  exist  in  order  to  pick  up  point  reactions  and  therefore  give  the 
structural  designer  a  start  in  laying  out  the  structure  and  adding  the  necessary  longerons,  spars  and  ribs: 

-  seat  attachment  frames,  bulkheads 

-  nose  and  main  undercarriage  frames  and  shear  webs 

-  talleron  spigot,  frame  and  shear  webs 

-  wing  attachment  frames  and  bulkheads 

-  store  attachments 

-  slat,  flap,  spoiler  attachments 

-  hook,  brake  parachute,  airbrake  attachments 

-  engine  attachments 

Others  are  required  to  contain  pressure  or  fuel,  or  to  give  aerodynamic  continuity: - 

-  skins  and  engine  ducts 

•  wing  tank  closing  spare  and  ribs 

-  tank  and  cabin  pressure  bulkheads 

-  engine  compartmentation  webs  and  bulkheads 

Some  exist  as  edges  and  corners: - 

-  canopy,  door,  bomb  cell  edge  membere 

-  longitudinal  (or  spar  wise)  edge  membere 

-  surrounds  to  doors  and  access  panels. 

The  object  in  laying  out  the  structure  is  to  exploit  items  such  as  those  listed  to  perform  as  many  duties  as 
possible  where  it  is  efficient  to  do  so,  remembering  that  it  is  basically  the  skins  which  will  try  to  make  the 
main  transference,  and  applying  some  caution  where  the  combination  of  Integral  tanks  with  major  concentrated 
loads  is  contemplated. 

The  extent  to  which  some  items  should  be  exploited  needs  Judgement  and  an  early  check  by  computation:  for 
example,  the  extent  to  which  even  stiff  tunnels  surrounding  engines  will  pick-up  load  from  the  tailplane  spigot 
via  the  tailplane  frame  and  carry  It  near  the  neutral  axis,  as  compared  to  the  outer  skins,  needs  checking. 

Conversely  falsework  adjacent  to  a  longeron  will  strain  with  it  unless  a  degree  of  freedom  is  introduced. 

Some  aspects  of  the  important  issue  of  material  selection  were  covered  under  wing  in  Section  4.4. 

There  is  considerable  advantage  in  having  a  clear  picture  of  the  structure  in  order  to  aid  numerical  analysis 
and  to  ensure  adequate  load  path  continuity.  The  production  planners  and  jig  and  tool  designers  will  also 
appreciate  a  presentation  which  gives  on  overall  impression  prior  to  receipt  of  normal  working  drawings. 


7.  CONCLUSION 

The  project  definition  of  the  aircraft  (Fig.  16)  is  seen  to  be  a  complex  iterative  process  in  which  managers 
and  designers  draw  upon  post  experience  and  the  advice  of  specialists  in  fields  such  as  avionics,  armament, 
propulsion,  aircraft  system,  structural,  production,  operational  in  order  to  obtain  the  best  balance  of  perform¬ 
ance  in  all  its  aspects,  cost  and  timescale. 


This  paper  will,  it  is  hoped,  have  set  in  perspective  the  idealised  concepts  frequently  presented  for  the 
integration  of  a  weapon  system,  wherein  outputs  from  groups  such  as  ‘avionics',  ‘propulsion’,  ‘systems’, 
‘structural’  and  ‘requirements'  flow  into  a  central  co-ordinating  box:  particularly  in  the  early  stages  con¬ 
siderable  interaction  takes  place  but  it  is  the  task  of  the  project  designer  to  consolidate  what  he  can  and 
render  the  process  convergent  on  to  a  consistent  datum  proposal  as  rapidly  as  possible.  Different  activities 
mature  at  different  rates  and  some  have  therefore  to  be  shielded  from  potentially  short  period  fluctuations, 
otherwise  no  viable  output  from  such  sources  would  be  achieved. 

It  appears  that  aerodynamic  considerations  initiate  most  major  features  of  the  aircraft  being  quite  funda¬ 
mental.  and  that  further  ingenuity  by  mechanical  and  structural  engineers  implements  these  decisions  in  detail. 
Various  flexibilities  are  now  available,  reheat,  by-pass  engines,  variable  sweep,  basically  to  assist  the 
designer  but  introducing  more  effort  to  ensure  that  they  are  correctly  chosen. 

At  the  stage  described,  the  aircraft  has  merely  begun  its  design  process  in  serving  as  a  datum  for  detailed 
verification  by  specialists,  including  detailed  cost  estimation. 
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L«  Central  FERGUSON  dans  un  article  recent  Intitule  "Challenge  for  Survival" 
a  jugi  bon  d'attlrer  1 'attention  dea  constructeur*  d 'avion*  Amdrlcalna  aur  la  rapldltl  du 
dfvelopperaent  det  materiel*  adronautlquet  Rutaea  et  Franqala  (Marcel  DASSAULT  en  particu¬ 
lar).  Noua  avona  ttt  particuliArement  flatte*  d 'avoir  retenu  cette  attention  et  mdrlte  cea 
dlogea. 

C'eat  alnal  que  J'al  penaf  que  voua  pourrle*  Itre  lntfreaada  de  recevolr  qual- 
quea  prdclalona  aur  le  ddveloppement  de  la  creation  du  materiel  frenqala  d'apria  guerre  ne 
aeralt-ce  que  pour  comprendre  dana  quelle  ambiance  de  competition  noua  noua  sonnies  ddbattua. 

DASSAULT,  Socldtd  llbre,  oppoade  le  plua  aouvent  A  dea  Societds  Nationality**, 
a  dd  plua  que  toute  autre  de  "combattre  pour  aurvlvre"  ;  de  cette  altuatlon  aortlrent  lea 
excellent*  rdsultats  qul  conflrment  plelnement  lea  conclualona  du  General  FERGUSON. 


Le  choix  dea  materiel*  adrlena  de  notre  ArtnAe  de  l'Alr  (cellule*,  moteura, 
equlpementa  ou  armement)  a'eat  fait,  en  general,  non  "aur  du  papier"  mala  aur  dea  rdallaa- 
tlona . 

Comme  voua  le  verrez,  l'Etat  blen  aouvent  lmpoaa  la  competition.  Toutefola, 
en  de  nombreuaea  occaalona,  11  ne  put  a'oppoaer  aux  proposition*  loglquea  faltea  par  un 
conatructeur  dynamlque,  tou Jours  prCt  A  ae  battre  pour  garder  la  premlAre  place,  toujour* 
prCt  A  rdallaer,  dana  un  tempa  record  (en  P.V.  al  ndceaaalre),  le  materiel  ainal  propose 
(M.  M.  Dassault). 

11  faut  reconnattre  toutefola  que,  depuir  un  certain  tempa,  A  1 'occasion  dea 
cooperation*  Internationales,  on  aaalate  A  la  tendance  flcheuse  du  choix  "aur  dossier*",  ce 
qul  risque  de  rdaerver  dea  lendemalns  qul  chantent. 


-  LES  SERVICES  OFFICIELS  ET  LE  CONSTRUCTEUR  - 

La  creation  dea  materiel*  afriens  franqals  de  1 1 sprAs-guerre  a'eat  falte  dan* 
une  excellente  atmosphere  de  cooperation  entre  conatructeur*  et  Service*  Officials  (D.T.I., 
S.T.Ae,  E.M.A.A.).  L'atmosphAre  de  suspicion  de  1 'avant-guerre  avalt  pratlquement  dlaparu. 
Un  cllmat  nouveau  de  cooperation  etait  ne. 


Sur  le  plan  des  Services  Offlclela  - 


On  peut  porter  au  credit  des  Services  les  points  sulvants  : 


-  Soucl  de  l'efficacite  - 


.  Pas  de  lourds  comltes  neutrallsant  l'actlvlte  du  constructeur . 

Les  Services  prlrent  le  soin  de  designer  des  responsables  de  quallte  pour  aurvelller 
les  realisations  :  un  ingenleur  de  marque  dans  le  cadre  du  S.T.Ae  et  un  offlcler  de 
marque  dans  le  cadre  de  l'E.M.A.A.  AprAs  une  ou  deux  experiences  convalncantes,  les 
Services  accept&rent  mCme  de  passer  la  mattrise  d'oeuvre  des  systAmes  (systAme  d'armea 
comprls)  au  constructeur  (ex.  du  MIRAGE  III-C,  du  MIRAGE  III-E  et  surtout  du  MIRAGE  IV). 
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-  Soucl  de  1 ' Information  du  conatructeur  - 


Le  contact  a  tti  prla  an  gdndral  dka  la  crdatlon  dea  programme!.  Dana  la  plupart  dea  caa 
la  conatructaur  a  #t<  lnvltd  1  falre  une  dtude  de  falaablllt#  avant  qua  la  programme  aolt 
flgd. 

.  La  conatructaur  aara  toujoura  k  mfcne  da  aulvra  la  via  de  eon  matdrlel  aur  lea  baaea  a#- 
rlannaa  at  aara  tanu  rdgullkrement  au  courant  daa  difficult#!  rencontrdea  tant  aur  la 
plan  de  la  maintenance  qua  aur  la  plan  opdratlonnel . 


-  Soucl  d'une  bonne  golltlgue  en  matlkre  d'armement  - 

■  Lea  cholx  offlclela  da  baae  a e  aont  r#v#l#a  excellent!  (canon  de  30  et  rockete  ldgkrea 
de  68).  On  a  toujoura  da  plua  encourag#  lea  efforta  falta  par  l'avlonneur  pour  andllorar 
l'emport  de  1 'armament  :  c'aat  alnal  qua  pour  notra  part  noua  rdallatmea  entra  autrea  : 

-  comblnda  rocketa-rdaervolra  (montda  an  pod) 

-  rdaervolra  porte-borabea  (mont#  en  pod) 

-  canon  da  30  at  munltlona  (montda  an  pod) 

-  container!  contremeeurea  ...  etc... 


.2  -  Sur  la  plan  du  conatructaur.  on  peut  porter  k  notre  crddlt  : 


-  Soucl  da  la  guall t#  dea_#gulgea  tant  dana  lea  bureaux  d'dtudea  gue  dana  lea  atellera  - 

.  Recrutemant  de  qualltd  (fort  pourcentage  d'lngdnleura  de  grandea  dcolea). 

-  Soucl  de  l^ef f icac 1 t#_e t_de_l»  ragldlt#  - 

.  Lea  A.M.D.  ont  regroup#  pria  de  I'ualne  prototype  lea  dlsclpllnea  dlveraea  aaaocldea 
dana  la  crdatlon  de  1 'avion.  Noua  avona  raaaembl#  k  SAINT-CLOUD,  lea  ddpartementa  dtudea 
avion  -  dtudea  aervomdcanlame  -  dlectronlque  E.M.D. 

.  Noua  n'avona  paa  h#ait<  quand  une  crdatlon  ultra  urgente  a'lmpoaait  k  donner  un  atatut 
apdclal  k  l'dqulpe  appelde  k  rdallaer  la  prototype  (atelier  partlculler,  peraonnel  a#- 
lectlonn#),  cacl  pour  aboutlr  dana  lea  mellleura  ddlala. 


-  Soucl  da  l'aggort  conatant  d'amdlloratlona  - 

.  Cacl  auppoae  la  prdaence  de  aervlcea  da  recharchea  actlfa,  toujoura  anlmka  du  ddalr  de 
crdatlon  qua  ce  solant  recherchaa  aur  procddda  nouveaux,  aur  matdrlaux  nouveaux  . . .  ou 
aur  forrnea  nouvellea  (aervlce  dlt  "d'akrodynamlque  thdorlque"). 

Oka  que  la  mlae  au  point  d'un  prockd#  nouveau  aemble  aaaurke,  on  a'efforce  aux 
A.M.D.  da  le  gllaaer  dana  la  prototype  en  coura. 


-  Soucl  de  1 'excellence  daa  egulgea  aggeldea  k  ktabllr  lea  documenta  exlgda  gour  la  mlae 
en-a?rre---”"”  . .  '  . ’ 

.  C’dtalt  une  condition  eaaentlelle  pour  travalller  en  bonne  harmonle  et  efflcaclt#  avec 
lea  autrea  Socldtda  tant  franqalaea  qu ’ftrangkrea  aaaocldea  k  la  production  de  noa  avlona 
-  (dlffualon  k  l'dtranger  dea  Myatkre,  Mirage,  Falcon). 
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II  -  LE  CHOIX  DU  MATERIEL  -  (Plualeura  cm)  - 

2.1  -  L'dtat  charcha  ion  cholx  dana  la  competition  - 

Tout  part  du  programs*.  Laa  program**  auccaaalvanant  data  furant  antra 
autraa  : 

1)  -  Program*  _du  chaaaaur  jljrvalant  aubaonlju*  ( In t*rc«£t*ur_k  vua  -  aggul)  - 

.  Ca  fut  la  pramlar  programme  d'aprka-guarr*.  Ca  program*  dtalt  daatlnA  k  donnar  un 
auceaaaur  k  notra  production  aoua  llcanca  (VAMPIRE  -  MISTRAL).  Daux  avion*  aa  trou- 
vkrant  an  concurranca. 

-  l'ESPADON  da  la  S.N.C.A.S.O.  (alia  an  flkcha  ^  30'), 

-  1 'OURAGAN  daa  A.M.D.  (alia  k  flkcha  trka  moddrde). 

Caa  daux  avion*  dtalant  dqulpda  du  rdactaur  ROLLS-ROYCE  "NENE".  L'allmantatlon  an  air 
du  rdactaur  da  l'ESPADON  n*  dormant  paa  antlkra  aatlafactlon,  1  'OURAGAN  qul  avalt  una 
entrde  frontala  aa  rdvkla  vita  axcallant  at  fut  ratanu.  II  avalt  trka  annalblaaant  laa 
performance*  du  Shooting  Star. 

2)  -  Program*  da  1 ' lntarcagteur  ldger  Mach  2  -  (haute  altitude) 


Ce  progranma  fut  lancd  par  notra  D.T.I.  an  1  'accompagnant  au  ddpart  da  deux 
exlgencaa  : 

a)  -  Avion  dquipd  de  deux  rdactaur*  ldgera  dotda  de  P.C.  at  an  addition  d'un  group* 

fuade  utlllaant  aclde  nltrlqua  +  kdroakne. 

b)  -  Avion  mlnlaturlad  au  maximum  (Influence  daa  rdallaatlona  G  N  A  T  an  CRANDE-BRE- 

TAGNE  er  A  4  D  aux  U.S.A.). 

,  Laa  daux  apparel la  an  compdtltlon  au  ddpart  furant  : 

-leSNCASO-  TRIDENT  (blrdacteur  +  fuade)  -  Alle  mince  at  drolta, 

-  la  DASSAULT  5S0  (blrdacteur  +  fuade)  -  Alle  delta  pur. 

La  rdactaur  envlaagd  par  la  D.T.I.  dtalt  au  ddpart  la  TURBOMECA  "GABIZO". 

La  mlae  au  point  e'avdrant  difficile,  laa  A.M.D.  propoakrcnt  en  remplacement  la  rdac- 
teur  VIPER  dqulpda  d'une  poat-combuatlon  dtudide  at  rdallad*  par  A.M.D. 

Un  peu  plua  tard,  la  D.T.I.,  lnqulite  da  aa  politique  motaura,  ancouragaa 
deux  nouveaux  concurrenta  : 

-  le  S.N.C.A.S.E.  DURANDAL  alia  delta, 

-  le  S.N.C.A.N.  GRIFFON  alle  delta. 

Cea  deux  dernlkrea  rdallaatlona  a'dcartalent  du  programme  Initial  -  d'une 
part,  ellea  dtalent  toutea  deux  du  type  monordacteur  aaalatd  par  P.C.  at  groupa 
fuade  dans  le  ler  caa  et  d'un  paaudo-RAM-JET  dana  la  aacond  caa  ;  d'autre  part,  polda 
ettallle  avalent  augmentd  -  Le  rdacteur  dtalt  l'ATAR  8  de  pouaade  atatlque  4,5  t. 

Ce  que  voyant,  lea  A.M.D,  ddcldkrent  de  rdallaer  en  un  tempa  record  at  an 
P.V.  le  MIRAGE  001,  monordacteur  ATAR9B-f  P.C.  +  groupe  fuade  -  fuaelage  avac  area 
rule"  -  alle  delta  (identlque  k  celle  du  KD-550), 


Cet  avion  qul  fit  ion  premier  vol  neuf  mole  aprds  la  decision  de  lancement  imports 
la  competition  et  ouvrlt  la  vole  4  eon  succesaeur  le  chaieeur  polyvalent  tout  tempi 
MIRAGE  III-A  ou  C  (rdacteur  ATAR  9  C  -  radar  CYRANO).  Cet  avion  eut  le  auccta  lnter- 
natlonal  qua  l'on  conns! t. 


3)  -  Programme  de  1' avion  ldger  d'sggui  tactlgue  - 


Ce  programme  fut  lined  par  le  NATO.  II  oppoia  en  competition  Internationale  : 

-  le  FIAT  C  91, 

-  le  BRECUET  TAON 

-  le  DASSAULT  ETENDARD  VI 

Le  FIAT  fut  retenu. 

4)  -  Progranme  du  chaiseur  golgvalent  V.T.O.  (Mach  2)  - 


Le  cholx  ae  fit  "aur  papier".  Lei  concurrent!  dtalent  au  depart  BREGUET,  NORD- 
AVIATION,  SUD-AVIATION  et  DASSAULT.  Cea  deux  dernldres  locietei  ■ 'assocldrent  un  peu 
event  la  decision  autour  du  projet  presente  par  DASSAULT.  C'eit  alnil  que  furent  comman- 
ddt  d'une  part  le  MIRAGE  V  (un  rdacteur  de  propulsion  P.W.  TP-306  +  8  moteurs  de  sus- 
tentatlon  ROLLS-ROYCE  RB-162)  d'autre  part,  l'avlon  experimental  qul  devalt  le  prdedder 
•  avoir  :  le  BALZAC  V  (rdacteur  de  propulsion  Orpheus  +  8  rdacteurs  de  suitentatlon 
ROLLS -RB- 153). 


2.2  -  L'Etat  accepte  lea  ddveloppementa  proposes  par  le  conitructeur  - 

Ce  fut  le  cm  aprds  lea  premiers  soccds  de  l'OURAGAN  (succds  auprds  de  notre 
Armee  de  l'Alr,  succta  4  l'Etranger,  en  Inde  en  partlculler  -  360  constrults). 

Nous  proposBsea  succeaslvement  lea  varlantea  aulvantes  aux  fliches  de  vollure 
de  plus  en  plus  accentudes. 

-  MYSTERE  II  -  Fldche  vollure  28*  - 

a)  -  Varlante  monoplace  MD-452  - 

,  Alle  4  dpalsaeur  relative  9  X.  Empennage  horlaontal  mobile  -  Gauchlssement  aaslitd 
par  servo.  Ce  fut  le  premier  avion  europden  qul  frenchlt  le  mur  du  son. 

b)  -  Varlante  bl-place  radar  MD-453  - 

.  Alle  un  peu  plus  mince  en  bout  8  X  pour  dllmlner  le  vlng  dropping. 

Les  MYSTERE  II  dtalent  dqulpds  d'un  rdacteur  ROLLS-ROYCE  ”NENE".  Deux  exem- 
plalres  furent  4  tltre  expdrlmental  dqulpds  du  rdacteur  ATAR  4  compresseur  axial. 


-  MYSTERE  IV  -  Fliche  vollure  35*  - 
.  Alle  4  dpalsaeur  relative  (7,5  X) 
a)  -  Varlante  monoplace  - 


Rdacteur  4  compresseur  centrifuge  TAY  puls  VERDON. 


.  Rdacteur  ROLLS-ROYCE  AVON  R  A  7  (avtc  P.C.). 


Le  HYSTERE  IV  fut  realise  en  sdrle  aoua  la  variant*  MYSTERE  IV  (225  avlona 
pour  la  compt*  du  NATO,  375  pour  la  compt*  da  1'Armd*  da  l'Alr  franqala*  at  pour  l'Etran- 
ger). 


-  SUPER-MYSTERE  SM.B1  at  »2  -  PlAche  - 

.  Vollura  45*  -  Epalaaaur  relative  6  %  - 

a)  -  Varlanta  monoplace  rdactaur  AVON  R  47  pula  ATAR  -  180  conatrulta  - 

b)  -  Pas  da  varlanta  blplaca  - 

Pour  qua  l'Etat  aceaptat  da  aa  lalaaar  alnal  "nener"  par  la  conatructaur,  11 
fallalt  qua  celul-cl  alt  da  bona  atouta  an  main. 

Par  example,  quand  noua  proposfcne*  la  MYSTERE  II,  noua  pouvlona  falra  dtat  da 
notre  experience  en  matiAr*  da  plana  flxaa  rdglablea  at  en  matlAre  de  aervo-conmande* . 
Cea  eidmenta  etalent  visible*  dan*  noa  ateliers. 

Da  mflme  quand  noua  presantBmes  la  varlante  tout  temps  du  MYSTERE  II  (MD-453), 
nous  noua  rdfdrlons  A  1 'experience  acqulse  en  vol  sur  lea  entrees  d'alr  laterals*  de 
l'OURAGAN  "version  photo"  etc...  etc... 


2.3  -  Le  conatructeur  force  le  cholx  par  une  private  venture  reuaala  - 

-  Tel  fut  le  caa  quand  nous  eflmes  la  conscience  de  perdre  notre  position  de  force  au 
profit  de  noa  concurrents. 

-  M.  Marcel  DASSAULT  prlt  alnal  en  plusleurs  occasions  la  decision  de  lancer  des  proto¬ 
types  sans  contrat. 

-  La  MIRAGE  001  fut  alnal  realise  (je  l'al  ddJA  dlt)  quand  nous  eflmes  conscience  du 
danger  que  reprgsentalt  pour  nous  DURANDAL,  de  la  S.N.C.A.S.E.,  delta  monordacteur 
ATAR  qul  dtalt  en  fait  l'avlon  que  nous  aurlons  alnal  fait  au  depart  al  nous  avion* 
pu  obtenlr  autre  chose  qu'un  contrat  pour  un  blrdacteur  VIPER  P.C.  (en  attendant  las 
GABIZO  P.C.). 

Le  MIRAGE  001  s 'Impose  dis  sea  premiers  vols  (M  •  1,5  dAs  le  5Arae  vol)  at 
surpass*  vita  aon  concurrent.  Nous  gagnlmes  alnsl  grtce  A  la  P.V.  la  competition  de 
l'lntercepteur  blsoniqua. 

-  L'ETENDARD  01  fut  dgalement  realise  an  P.V.,  quand  nous  comprtmes  qua  l'Armee  de  l'Alr 
s'orlentalt  vera  1 'utilisation  da  terrains  plus  modestes  (BAROUDER).  Nos  efforts  por- 
tArent  vers  un  ddveloppement  de  l'hypersustentatlon  (bees  basculants  at  volets  A  double 
fentes  sur  alle  q  •  45°).  Cette  Initiative  fut  recompense*  quand  notre  Marine  Natlo- 
nala  adopt*  i'ETENDARD  IV  pour  reinplacer  l'AQUILON  sur  sea  nouveaux  porte-avlons . 

-  La  MIRAGE  F  1  fut  dgalement  realise  en  P.V.  pov-  nous  pennettre  de  garder  une  position 
forte  A  1 'exportation  en  erdant  alnsl  un  digne  suctetseur  du  MIRAGE  III. 

Dans  la  mfcne  ligne  de  condulte,  toujours  en  P.V.,  11  y  a  lieu  de  clter  le 
MIRAGE  A  moustaches  dlt  MILAN,  ddveloppd  en  liaison  avec  la  Direction  Technique  de 
l'Uslne  Fdddrale  Suisse  d'EMMLN, 


vr 


Cette  Initiative  a  eeaentlellement  pour  but  da  fortifier  la  poaltlon  du 
MIRAGE  face  It  la  concurrence.  Elle  aura  trie  certalnement  dee  retombiea  haurauaaa 
aur  noa  aviona  "chauda"  futura  et  aur  CONCORDE, 


-  Le  MIRAGE  C  (Gfomitrle  variable)  - 

fut  au  ddnarrage  lanci  aana  lea  cridlta  de  l'Etat  qul,  au  dipart,  voulalr  aa  limiter 
A  dee  itudea  et  dea  riallaatlona  partlellea  (tellea  qua  pivot)  et  qul  ne  ae  diclda  A 
flnancer  lea  flnltlona  qua  blen  aprie  le  lancement  du  prototype  dana  noa  atellera. 

-  Le  MYSTERE  10  (Mint-Falcon)  -  Le  MYSTERE  20  (Falcon),  aont  nia  par  le  fait  de  la  P.V. 
Tela  aont  igalement  lea  caa  du  COWUNAUTE  et  de  1  'HIRONDELLE. 


En  riaumi,  lea  Aviona  Marcel  Daeaault  dana  cea  vlngt  derniiree  anniea  ont 
crii  en  moyenne  chaque  annie  un  prototype  d'un  modAle  fonclArement  nouveau. 

Lea  cooaandea  de  airle  ont  porti  aur  : 

-  360  OURAGAN, 

-  600  MYSTERE, 

-  180  SUPER-MYSTERE 

-  100  ETENDARD  IV, 

-  1000  MIRAGE  III, 

-  62  MIRAGE  IV. 


La  production  de  cea  aviona,  riallaie  en  partle  par  lea  autrea  Soclitia 
Natlonalea  ou  prlviea,  a  entratni  en  moyenne  la  participation  d'envlron  30.000  peraonnea 
aolt  aenalblement  1/3  de  l'effectlf  total  de  1'lnJuatrle  aironautique  franqalae. 

Cea  aviona  ont,  de  plua,  fait  l'objet  de  contrata  aupria  de  nombreux  paye 
itrangera  notamnent  :  Inde,  Israel,  Auatralle,  Afrlque  du  Sud,  Sulaae,  Belgique  etc... 
aaaurant  aux  A.M.D.  une  poaltlon  de  tout  premier  plan  parml  lea  premlera  exportateura 
f ranq ala. 

Tel  eat  ce  bllan  tr6a  favorable  qul  dimontre  blen  que  la  mellleure  mithode 
italt  de  "Challenge  for  Survival". 
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THE  USE  OF  TRADE-OFF  STUDIES 
IN  PRELIMINARY  DESIGN 


Helmut  Langfelder 


1.  SUMMARY 

Preliminary  design  of  new  combat  aircraft  is  not  usually  based  on  completely  defined  specific¬ 
ations.  Fixing  the  major  design  parameters  or  making  salient  design  decisions  to  arrive  at  the 
"optimum  configuration"  and  developing  a  sensible  basic  specification  for  the  weapon  system  are 
processes  which  mutually  influence  each  other.  Furthermore,  this  period  of  conceptual  study 
takes  so  long  a  time  that  there  are  distinct  and  sometimes  fundamental  changes  in  the  views  of 
the  user  of  how  the  aircraft  will  best  be  employed  to  meet  presumed  needs.  The  only  constant 
factor  seems  to  be  the  necessity  to  keep  costs  and  complexity  to  a  minimum,  the  idea  of  "cost- 
effectiveness".  Though  there  is  a  broad  consensus  of  opinion  of  what  is  required  of  a  combat 
aircraft  in  qualitative  terms,  there  is  no  unanimity  as  to  how  vduable  the  various  factors  are 
in  relation  to  each  other.  Any  attempt  to  trade  off  quantitatively  alternative  design  features  or 
parameters  must  proceed  within  the  total  weapon  system  concept  and  should  yield  better  insight 
into  the  nature  of  optimum  mix.  Isolated  emphasis  on  any  single  factor,  such  as  manoeuvrability, 
range,  payload,  armour  protection  and  offensive  armament,  electronic  sub-system  capability, 
maintainability  or  survivability  would  be  misleading.  This  technique  of  balanced  effectiveness 
studies  is  illustrated  by  a  discussion  of  such  questions  as  wing  and  thrust  loading  choices,  siaing, 
speed  capability,  number  of  engines,  aerodynamic  configuration,  aircraft  sub-systems,  auto¬ 
matic  check-out  and  electronic  system  complexity  as  seen  in  relation  to  weight  and  cost  penalties. 


2.  INTRODUCTION 

Trade-off  studies  are  the  gene  rally  accepted  method  of  quantifying  the  multitude  of  preliminary 
design  decisions.  In  particular,  the  combat  aircraft  weapon  system  can  only  be  represented  by 
a  multi -dimensional  complex  of  parameters,  some  of  which  are  traditionally  well -under  stood  but 
many  others  have  a  strong  emotional  content.  There  is  no  infallible  technique  of  clearly  demons¬ 
trating  the  inter-relation  of  design  decisions  and  the  fulfillment  of  specification  aims  in  many 
important  instances.  The  problem  is  basically  one  of  simultaneously  satisfying  very  different 
conditions  and  setting  priorities  in  a  flexible  design  which  also  meets  many  off -design  require¬ 
ments.  It  is  the  purpose  of  this  paper  to  prompt  discussion  of  this  problem  within  the  frame-work 
of  the  weapon  system  approach.  Some  recent  attempts  will  be  indicated  to  present  analysis  in 
such  a  manner  that  a  more  rapid  convergence  of  a  widely  acceptable  specification  of  performance 
and  design  requirements  on  the  one  hand  and  a  feasible  engineering  solution  on  the  other  is  achieved 
During  the  initial  design  process,  a  change  of  views  on  the  requirements  frequently  takes  place. 

For  example,  the  feasibility  of  successful  air  combat  and  the  effectiveness  of  missile  or  other 
armament,  such  as  guns,  the  reliance  on  electronic  aids  or  the  cost-effectiveness  of  multi-purpose 
designs  in  a  wide  performance  spectrum  have  been  assessed  in  very  different  ways  in  the  past. 
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3.  SOME  FUNDAMENTAL  ASPECTS  OF  TRADE-OFF  ANALYSIS 

As  in  every  complex  problem,  it  is  important  to  aak  the  right  questions.  The  type  of  study 
that  can  be  undertaken  varies  from  using  a  basic  configuration  and  making  limited  excursions  to 
a  general  application  of  stretched  technology.  One  must  decide  correctly  exactly  how  far  to  go. 
The  limitations  of  analytical  study  should  be  appreciated  and  wherever  possible  tests  and  hard¬ 
ware  must  support  the  analysis.  During  Feasibility  or  Conceptual  Study  periods  many  aspects 
are  really  only  qualitatively  introduced  in  the  wide  survey.  Such  studies  yield  tentative  answers, 
the  quantitative  significance  of  which  is  often  over-estimated.  The  subsequent  Definition  Phase 
must  t^sult,  however,  in  very  reliable  proposals.  Clearly,  in  that  case  the  trade-off  study 
must  be  made  to  apply  only  to  relatively  small  variations  on  a  well-defined  baseline  configuration. 
Precise  and  significant  answers  in  that  phase,  of  course,  are  even  more  indispensable  whenever 
some  type  of  total  package  procurement  is  expected  to  result.  Whether  this  is  realistic  or  not 
depends  largely  on  how  successfully  trade-off  studies  are  applied. 

An  interesting  question  is  how  this  study  process  can  be  subjected  to  schematization.  This 
has  been  attempted  in  the  system  engineering  process  as  examplified  by  the  US  Air  Force  375- 
series  of  regulations.  A  rigorous  derivation  of  design  requirements  by  trade-off  analysis  start¬ 
ing  from  functional  flows  is,  of  course,  an  ideal  never  to  be  achieved,  only  at  best  to  be  approach¬ 
ed.  One  difficulty  resides  in  the  fact  that  the  assumptions  underlying  the  functional  flows  must 
be  themselves  be  affected  by  the  results  of  the  trade-off  studies.  The  problem  is  indeed  too 
complex  even  for  very  sophisticated  recipes.  Good  examples  of  the  complexity  of  the  problem 
can  be  drawn  from  avionics  and  in  particular  from  analyses  of  kill  probabilities  of  systems  using 
advanced  target  acquisition  and  weapon  delivery  aids.  Numerous  factors  from  the  whole  range 
of  aircraft  technology  enter  into  this  problem.  All  aspects  of  the  basic  performance  of  the  air¬ 
frame,  the  functioning  of  the  man-machine  relationship  of  the  pilot  reacting  to  displays  and 
other  cues  in  the  real  situation,  the  reliability  and  accuracy  of  the  electronic  aids  and  the  weapon 
itself  must  all  be  considered  in  relation  to  the  target  environment  within  practical  technology 
and  cost  limitations.  Without  attempting  to  approach  anywhere  near  answering  such  ultimate 
questions,  which  can  have  no  simple  quantifiable  answer,  it  is  still  profitable  to  consider  real¬ 
istically  restricted  basic  design  parameters  by  trading  the  accessible  and  known  effects  against 
each  other. 


4.  BASIC  DESIGN  DECISIONS 

The  specification  of  requirements  enabling  tentative  basic  design  decisions  will  apply  to 
traditional  aircraft  parameters.  A  summary  of  such  quantities  is  shown  on  Figure(l)as  applied 
to  a  combat  aircraft  for  a  given  state-of-the-art  in  aerodynamics,  propulsion,  and  structural 
and  equipment  technology,  i.  e.  weight.  The  initial  trade-off  Btudies  will  apply  to  the  sizing 
of  the  weapon  system,  i.  e.  a  definition  of  the  design  weight  and  the  thrust  and  wing  loading.  Many 
possible  r Voices  can  be  made  in  specifying  the  relevant  performance  parameters  with  varying 
emphasis  /n  range,  maximum  speed,  take-off  and  landing  and  manoeuvrability  parameters.  In 
each  group  tho:,  parameters  are  shown  which  have  been  found  to  be  the  necessary  minimum  for 
a  satisfactory  definition  of  the  problem.  Each  of  these  fifteen  parameters  must  be  regarded  as 
a  function  of  practically  all  the  others.  The  effect  of  the  various  parameters  on  size,  wing,  and 
thrust  loading  is  clearly  different.  Range  will  predominantly  affect  size  and  the  manoeuvrability 
mainly  either  wing  or  thrust  loading,  but  some,  such  as  specific  excess  power,  will  also  strongly 
affect  sizing  via  the  required  engine  size  to  provide  the  necessary  thrust  loading. 

Before  it  is  possible  to  display  the  typical  influence  of  some  of  these  parameters  on  the  basic 
design,  sorr*  tjfio  ight  should  be  given  to  the  region  of  performance  optimization  as  shown  on 
r  igur*(2).  v  «•  alt  itude  -  Mach  number  diagram  includes  the  P,-contours  which  at  any  given 
sizing  an  strong!,  dependant  on  the  region  of  optimization,  which  in  the  example  shown  is  for  a 
typ.cal  t  n'*at  *5'  raft  optimized  for  low-level  operation,  i.e.  the  main  performance  and  range 
requirerr.  •  v.j  ar  the  subsonic  speed  range  at  altitudes  below  10,000  ft.  Immediately,  the 
q-nstion  of  tr  d-n-off  aspects  of  an  extension  of  the  performance  envelope  to  higher  super¬ 
ior. ic  spent!1  :  r  ■>  secondary  performance  capability  suggests  themselves.  The  effect  of  the 
r.ir  inlet  in  this  connection  will  be  discussed  later. 
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Whereat  the  sizing  influence  of  range  requirements  is  a  standard  subject  for  such  parametric 
studies,  the  manoeuvrability  requirements,  in  particular,  have  only  more  recently  been  fully 
incorporated  in  a  systematic  way.  Figure  (3)  shows  a  plot  of  wing  loading  and  thrust  loading  for 
a  fixed  configuration  and  propulsion  system  type  for  a  given  range/payload  design  as  affected  by 
some  of  these  parameters.  Typically,  the  energy  manoeuvrability  and  the  touch-down  speed 
requirements  define  the  required  relationship  of  wing  loading  and  thrust  loading.  The  high  values 
of  the  latter  are  characteristic  of  the  present  situation  of  combat  aircraft  design.  Such  plots  can 
also  be  used  to  compare  different  configurations,  for  example  variable  and  fixed  geometry  wings 
or  fan  and  straight  jet  engines  but  since  the  designing  requirement  will  then  most  likely  change, 
the  need  immediately  arises  of  a  more  comprehensive  plot  of  a  larger  number  of  parameters, 
including  the  design  weight.  The  size  of  aircraft  required  to  meet  all  the  stated  requirements 
is  often  regarded  as  a  basic  yardstick  of  optimization,  though  its  real  functional  relationship 
with  costs  is  not  precisely  known. 

A  type  of  carpet  plot  for  the  design  requirements  trade-off  which  has  proven  very  useful  and 
can  be  applied  to  a  wide  variety  of  parameters  is  exemplified  by  the  graphs  of  Figure  (4).  While 
this  still  applies  to  a  fixed  configuration  and  engine  type,  it  enables  cross-comparison  of  the 
effect  of  making  the  design  simultaneously  meet  many  requirements  and  also  assesses  the  relative 
changes  of  the  parameters.  Using  a  specified  mission  profile  with  prescribed  payload,  both 
thrust  loading  and  weight  is  varied,  the  latter  by  increasing  the  fuel  carried  with  fixed  airframe 
size.  A  mission  radius  of  200  nm. ,  for  instance,  is  possible  at  a  thrust  loading  of  1.0  with  a 
nominal  overload  factor  of  about  15%  which  gives  a  specific  power  of  just  under  600  f.  p.  s. ,  a 
turn  rate  of  13°/ sec,  a  touch-down  speed  of  107  knots  and  a  take-off  ground  roll  of  1350  ft. 

The  penalty  to  be  paid  by  increasing  range  by  overload  or  specific  power  by  increased  thrust 
loading  in  terms  of  the  other  requirements  becomes  apparent. 

The  significance  of  such  results  is  very  dependant  on  how  carefully  configuration  design  is 
treated.  Clearly  large  variations  in  size  or  thrust  loading  with  resulting  changes  in  the  aircraft 
geometry  and  balance  must  be  studied  by  a  sufficient  number  of  detailed  point  designs  with  weight 
assessment.  Assuming  this  is  done,  the  general  survey  of  parameters  should  result  in  an  isol¬ 
ation  of  essential  characteristics  which  will  predominantly  influence  the  design  decision  and,  in 
particular,  will  approach  the  problem  of  the  "optimum"  configuration.  A  rational  choice  of  this 
in  broad  respects,  such  as  design  primarily  for  range  and  penetration,  or  manoeuvrability  is 
essential.  Figure  (5),  for  example,  attempts  to  present  the  manoeuvrability  characteristics  of 
a  combat  aircraft  in  low  level  flight  on  a  plot  of  attainable  load  factors  as  a  function  of  Mach 
number.  This  cannot  be  specified  by  any  single  value,  such  as  one  of  the  three  parameters 
defining  the  manoeuvrability  at  low  speed  as  turn  radius,  high  speed,  high  g  as  turn  rate  or  the 
high  speed,  one  g  value  of  the  energy  manoeuvrability.  Using  a  fixed  configuration,  low  speed 
instantaneous  g -values  are  shown  up  to  the  structural  limit  on  the  left  hand  boundary.  Thrust 
limitations  with  afterburner  and  military  thrust  are  indicated  for  higher  speeds.  In  this  part 
of  the  diagram  lines  of  constant  attainable  P,  are  included,  with  decreasing  specific  power  up 
the  maximum  constant  load  factor,  where  P  =  0,  and  increasing  specific  power  to  its  maximum 
value  in  the  transonic  region  for  non-manoeuvring  flight.  The  buffet  penetration  used  to  limit 
the  useful  g  attained  must  ensure  a  satisfactory  operating  platform  for  combat  flight.  This  plot 
can  be  used  to  compare  various  configurations  to  select  one  for  superior  combat  qualities. 

Though  it  cannot  be  expected  that  any  one  aircraft  is  at  an  advantage  in  all  respects,  it  is  useful 
to  know  where  it  excels  to  exploit  its  advantages  in  combat  tactics.  This  applies  particularly  to 
variable  geometry  aircraft  which  offer  considerable  flexibility  by  being  capable  of  adjusting  the 
configuration  to  flight  requirements.  Here  it  may  be  desirable  to  indicate  manoeuvrability 
potential  to  the  pilot  by  continuously  displaying  a  parameters,  such  as  Pa  for  example. 
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5.  PROPULSION 

There  it  a  growing  tendency  to  prefer  twin  engine  installations  for  combat  aircraft.  When  the 
high  thrust  requirements  enforce  such  a  decision  because  available  engines  are  not  big  enough  for 
a  single  engine  design,  the  question  of  a  detail  trade-off  analysis  as  to  the  more  cost-effective 
course  of  action  may  not  arise.  It  is,  however,  of  considerable  interest  to  study  the  problem 
without  the  restriction  of  engine  availability  and  to  attempt  to  justify,  if  possible,  the  twin-engine 
design  on  a  cost-effectiveness  basis.  This  is  generally  attempted  by  an  analysis  of  total  cost  of 
operation.  The  twin  engine  design  is  heavier  and  this  is  normally  accepted.  Figure  (6)  shows 
the  weight  distribution  of  comparable  single  and  twin-engined  combat  aircraft  designs.  The  empty 
weight  penalty  is  seen  to  be  8,  8%.  This  is  due  to  the  fact  that  the  engine  installation  itself  is 
somewhat  heavier,  but  also  in  large  part  because  the  airframe  structure  grows  and  there  arc 
additional  problems  with  the  afterbody  design  for  low  transonic  drag.  The  problem  of  balance 
of  the  configuration  is  accentuated,  especially  <it  high  installed  thrust  because  of  the  bigger  weight 
in  the  rear.  All  this  escalates  the  fly-away-cost  of  the  aircraft,  which  is  further  increased  by 
the  fact  that  the  cost  per  pound  of  thrust  is  bigger  with  smaller  engine  units.  The  case  for  the 
cost-effectiveness  of  twin  engine  combat  aircraft  is  thus  seen  to  rest  entirely  on  assumed  lower 
los 8  rates  in  peace-time  operation  or  better  survivability  in  war-time  action.  Available  statis¬ 
tics  can  be  used  to  make  such  a  case.  It  will  all  depend  on  how  these  statistics  are  interpreted 
to  predict  probable  future  experience  with  the  new  combat  aircraft  design. 

One  of  the  problems  of  twin  engine  installations  has  already  been  mentioned.  It  is  more  difficult 
to  optimize  the  afterbody  for  transonic  operation  h->-'  ith  and  without  afterburner,  especially  in 
the  case  of  a  secondary  high  supersonic  requiremer.  A  study  of  the  value  of  fairings  between  the 
engines  and  optimum  engine  spacing  is  shown  on  Figure  (7).  Drag  reduction  can  be  achieved  by 
such  a  fairing  which  may  either  be  a  small  fixed  fairing  to  accommodate  the  opened  nozzle  or  a 
variable  one  which  can  eliminate  most  of  the  harmful  base  area  but  will  involve  more  weight. 

The  particular  case  studied  indicates  that  up  to  9%  of  the  complete  aircraft  drag  can  be  elimincud, 
and  this  for  a  particular  mission  profile  would  be  equivalent  to  130  lb  available  for  the  fairing, 
taking  into  account  the  re-balance  of  the  whole  design  associated  with  additional  weight  in  the  rear 
location.  The  estimated  weight  for  such  a  fairing  is  only  80  lb,  so  that  it  appears  that  the  added 
complication  would  pay.  The  drag  reduction  also  benefits  such  parameters  as  energy  manoeuvr¬ 
ability  specified  in  the  transonic  regime,  but,  of  course,  does  not  necessarily  improve  low  speed 
manoeuvrability.  Further  points  that  must  be  considered  are  maintainability  and  reliability. 

An  interesting  example  of  a  general  inlet  and  exhaust  system  trade-study  applied  to  a  variety  of 
assessment  parameters  including  weight,  performance,  cost,  and  maintainability  is  shown  on 
Figure  (8).  This  had  been  carried  out  as  part  of  an  investigation  to  study  the  effects  of  extension 
of  the  whole  operating  envelope  of  a  combat  aircraft  to  higher  Mach  numbers  at  altitude.  Such  an 
envelope  was  shown  on  Figure  (2),  where  the  inlet  and  exhaust  system  effectively  restricted  the 
maximum  Mach  number  to  about  1.6  in  spite  of  high  thrust  loading,  which  basically  would  enable 
the  aircraft  to  reach  much  higher  Mach  numbers.  But  this  entails  more  complex  inlets  and  nozzles 
with  associated  penalties.  In  this  case  five  different  types  of  inlet  and  nozzle  combinations  were 
studied  ranging  from  a  very  simple  inlet  with  rounded  lips  and  no  moving  parts  except  an  auxiliary 
door  for  take-off  operation  to  a  fully  variable  external  compression  inlet  and  convergent-divergent 
nozzle.  The  simple  inlet  can  be  optimized  for  the  transonic  performance  requirements  of  the  air¬ 
craft  and  is,  therefore,  taken  as  reference.  It  is  seen  that  the  supersonic  inlet  installation  results 
in  appreciable  degradation  of  most  of  the  assessment  parameters.  The  Mach  number  can  be  raised 
to  normal  airframe  continuous  operating  limit,  but  the  design  take-off  weight  can  increase  by 
nearly  10%,  unless  a  fully  variable  inlet  is  used  to  restore  some  of  the  transonic  operating 
efficiency.  Even  in  this  case  nearly  6%  increase  in  take-off  weight  or  8%  decrease  of  mission 
radius  will  have  to  be  accepted.  Other  transonic  manoeuvrability  parameters,  such  as  P#  or 
time  to  accelerate  to  M  =  0.9  similarly  suffer  degradations  of  nearly  9%.  The  cost  of  develop¬ 
ment  and  production  of  the  air  inlet  and  exhaust  system  are  more  than  doubled,  and  there  is  a 
very  considerable  increase  of  the  maintenance  effort  required  by  the  more  complex  installation. 
This  example  demonstrates  the  severe  effect  of  certain  secondary  performance  requirements, 
which  will  prevent  any  true  optimization  within  the  performance  envelope  and  will  lead  to  rapid 
cost  escalation.  The  results  of  this  study  are  interpreted  to  indicate  that  only  a  definite  mission 
requirement  in  the  supersonic  regime  justifies  operational  capability  at  Mach  numbers  in  excess 
of  about  1.6. 
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6.  DOES  COMPLEXITY  PAY  OFF  ? 

Amongst  the  most  difficult  decisions  in  preliminary  design  of  a  comba^^rcraft  are  the  many 
questions  relating  to  the  specifications  of  equipment  which  may  be  "non-es^ntial".  The  most 
powerful  way  of  saving  weight  and  cost  is  to  exercise  some  restraint  in  this  field.  As  Figure  (9) 
shows,  about  half  the  fly-away-cost  of  the  aircraft  is  attributed  to  equipment  of  some  sort.  The 
weight  of  these  items  is  typically  about  20%,  but  can  be  much  more  for  very  complex  weapon 
systems.  While  variable  airframe  features,  such  as  high  lift  or  manoeuvre  devices,  variable 
sweep,  variable  inlet  and  nozzles,  etc.  can  be  assessed  in  their  cost  effectiveness  against  the 
performance  requirements  as  has  been  discussed,  the  direct  influence  of  sophisticated  and 
comolex  sub-systems  appears  as  cumulative  weight  increases  and  increased  complexity,  which 
must  be  justified  by  assessing  their  true  utility.  The  attitude  towards  such  improved  capabilities 
varies  from  specifying  everything  that  is  costly  and  complex  to  excessive  austerity.  The  aim  is 
to  decrease  pilot  work  load  by  automation,  improve  maintainability  by  automatic  check-out  and 
monitor  systems  or  reliability  by  redundancy.  It  is  not  that  complexity  itself  must  be  avoided 
at  all  cost,  but  rather  that  especially  in  military  equipment  it  should  never  be  introduced  with¬ 
out  careful  justification.  Our  analysis  techniques  of  cost-effectiveness  of  many  equipment  items 
is  in  a  very  rudimentary  state.  The  emotional  content  is  considerable.  One  must  guard  against 
the  application  of  technologically  interesting  features  for  their  own  sake  and  the  user’ s  natural 
tendency  to  specify  increased  capability  if  it  appears  at  all  attainable. 

Particularly  in  the  case  of  the  electronic  sub-system  a  balanced  approach  is  essential.  Figure 
(10)  attempts  to  summarize  the  problem  of  ensuring  that  improved  capability  penalties  are  justly 
balanced  against  increased  operational  utility.  The  tactical  employment  of  combat  aircraft  is  not 
well  understood  in  theoretical  analysis.  It  is  very  difficult  to  quantify  increased  mission  effect¬ 
iveness  of  such  capabilities  as  are  provided  by  bigger  air  search  or  target  acquisition  radars, 
automatic  attack  procedures  or  all-weather  precision  ground  attack  systems.  On  the  penalty  side 
not  only  the  obvious  degradation  of  flight  performance  and  increased  cost  but  also  the  effect  on 
maintenance  effort  and  availability  has  to  be  assessed.  The  latter  is  a  very  important  consider¬ 
ation. 

Somewhat  more  accessible  is  the  question  of  optimum  passive  protection.  This  is  considered 
under  the  dual  headings  of  fuel  protection  and  armour.  Figure  (11)  sets  out  the  results  of  a 
vulnerability  analysis,  which  groups  certain  protective  features  as  "imperative",  "recommended" 
or  purely  "desirable".  Vulnerability  due  to  fire  and  explosion  represents  a  prime  hazard  for  the 
combat  aircraft  in  operations  exposed  to  small  arms  fire.  Protective  armour  is  also  required 
in  such  an  environment.  The  best  p-otection  of  the  aircraft  may  be  superior  performance  and 
its  ability  to  escape  the  hostile  environment.  This  is  the  negative  aspect  cf  heavy  protection, 
which  adversely  affects  the  performance.  By  an  analysis  of  vulnerable  areas  of  a  combat  air¬ 
craft  in  low-level  penetration  flight  the  probability  of  its  destruction  is  calculated  for  an  assumed 
scenario.  This  leads  to  the  classification  of  the  items  shown  in  relation  to  their  weight  penalty 
expressed  as  percentage  of  the  aircraft  empty  weight.  In  the  case  considered  2.  1%  of  weight 
was  found  to  be  "imperative",  mainly  to  be  used  for  explosion  suppression.  Armour  protection 
of  crew  and  critical  components  is  "recommended".  The  case  considered  was  for  a  two-man 
crew,  and  in  this  case  interstation  crew  protection  to  eliminate  total  loss  by  single  hits  in  the 
bockpit  is  imperative.  A  total  weight  of  about  5  l/2%  represents  a  considerable  investment  in 
passive  protection. 


4-6 


I 


t 


7.  CONCLUSIONS  AND  RECOMMENDATIONS 

In  this  short  survey  many  important  questions  have  not  been  touched  on  at  all.  For  example, 
the  strength  of  airframe  and  the  design  life  of  the  combat  aircraft  should  also  be  investigated 
under  the  trade-off  aspect.  The  redundancy  of  structure  and  systems  has  to  be  looked  at  for 
the  case  of  the  battle -damaged  aircraft  for  safe  return.  But  the  examples  cited  are  sufficient 
to  illustrate  some  main  conclusions,  wMch  are  imperative  in  the  present  situation  of  combat 
aircraft  design. 

(a)  Trade-off  studies  on  a  wide  range  of  parameters  are  the  only  means  of 
rationalizing  basic  design  decisions,  which  make  or  mar  the  aircraft  weapon 
system  as  an  effective  military  instrument. 

(b)  Such  analysis  will  provide  some  insight  into  the  correct  application  of  new 
technologies,  which  must  be  critically  examined  before  adopting  them  for  a 
successful  aircraft. 

(c)  The  possibilities  of  a  multi-role  design  have  to  be  assessed  by  trade-off 
studies  to  compare  it  with  designs  for  a  more  restricted  performance  spectrum. 

(d)  The  preliminary  design  techniques  in  many  areas  are  still  in  their  infancy. 
Much  effort  is  justified  in  improving  them  to  develop  satisfactory  combat 
aircraft  specifications  without  courting  disaster  by  misjudging  time  scale., 
development  risk  or  having  cost  getting  completely  out  of  control. 


AERODYNAMICS 

PROPULSION  4 

WEIGHT 

DESIGN  WEIGHT  (SIZING) 

THRUST  LOADING 

WING  LOADING 

RANGE  PARAMETERS 

PAYLOAD  /  ALTITUDE  /  SPEED 

COMBAT 

RESERVES 

MAX.  SPEED  PARAMETERS 

MAXIMUM  MACH  NUMBER  SEA  LEVEL 
MAXIMUM  MACH  NUMBER  36000* 

TAKE-OFF  AND  LANDING 

PARAMETERS 

TAKE-OFF  DISTANCE 

LANDING  GROUND  ROLL 

TOUCH-DOWN  SPEED 

MANEUVERABILITY 

PARAMETERS 

LOAD  FACTOR  ACCELERATION 

TURN  RADIUS  SPECIFIC  EXCESS  POWER  fli 

TURN  RATE 

Fig.  1  Basic  Design  Decisions 


ALTITUDE  FEET 


EXTENSION  OF 
ENVELOPE  TO 


MACH  NUMBER 

Fig.  2  Combat  Aircraft  Performance  Optimization 
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F  GROUND  ROLL  FT  — 

_  I  _ _ 

to  — 


U  DESIGN  WEIGHT 


Fig.  4  Design  Requirement*  Trade-off 
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SINGLE  ENGINE 

TWIN  ENGINE 

STRUCTURE 

50,  2  % 

54,  6  % 

PROPULSION 

30,  2  % 

33,  5  % 

EQUIPMENT 

19,6  % 

20,  7  % 

EMPTY  WEIGHT 

1  100  1 

108,8  % 

USEFUL  LOAD 

24,  2  % 

24,  2  % 

MISSION  FUEL 

34,  0  % 

36,  8  % 

Fig.  6  Weight  Distribution  for  Single  and  Twin-Engined 
Combat  Aircraft 


NO  FAIRING 

DRAG  REDUCTION 

EQUIVALENT 

ESTIMATED 

BETWEEN  ENGINES 

WEIGHT  AVAILABLE 

WEIGHT 

FOR  FAIRING 

OF  FAIRING 

LARGE  BASE  AREA 

REFERENCE  CASE 

FIXED  FAIRING 

DRAG  REDUCTION 

TO  ACCOMODATE 

AFTERBURNER  JETS 

5°/o 

70  LB 

50  LB 

SMALL  BASE  AREA 

VARIABLE  FAIRING 

DRAG  REDUCTION 

OPTIMIZED  FOR 

MILITARY  THRUST 

130  LB 

80  LB 

9/o 

NO  BASE  AREA 

Fig.  7  Twin-Engine  Installation  Optimized  for  Transonic  Speeds 


INLET  AND  EXHAUST  SYSTEM  TRADES 


TYPE  OF 

INLET  AND  EXHAUST 

INSTALLATION 

SIMPLE  INLET 
ROUNDED  LIPS 

HALF  CONE 
SHARP  LIPS 

HALF  CONE 
SHARP  LIPS 

TWO-DIMENSIONAL 
DOUBLE  RAMP 

TWO-DIMENSIONAL 
DOUBLE  RAMP 

NO  MOVABLE  PARTS 

AUXILIARY  DOOR 
OPERATED  BY 

SWITCH  IN  COCKPIT 

CONVERGENT 
VARIABLE  NOZZLE 

NO  BY  -  PASS 

BUZZ  CONTROL 
PRESSURE  SENSOR 
AUXILIARY  DOOR 

CONVERGENT 
VARIABLE  NOZZLE 

WITH  BY  •  PASS 
DIFFUSOR  MACH 
NUMBER  SENSOR 
AUXILIARY  DOOR 

CON-DI  NOZZLE 

FIXED  CAPTURE 
AREA 

VARIABLE  SECOND 
RAMP 

LOCAL  MACH 
NUMBER  PROBES 
AUXILIARY  DOOR 
CON-DI  NOZZLE 

VARIABLE  CAPTURE 
AREA 

VARIABLE  SECOND 
RAMP 

MACHNUMBER  AND 
PRESSURE  SENSORS 
AUXILIARY  DOOR 
CON-DI  NOZZLE 

RELATIVE  DESIGN  MISSION 
RADIUS 

LO-LO-LO.  HIGH  SUBSONIC 

1  000 

0.951 

0  896 

0.875 

0.920 

RELATIVE  DESIGN- 
TAKE-OFF  WEIGHT 

1  000 

1. 046 

l  075 

1. 098 

1.058 

MAX  MACH  NUMBER 

16  003’ 

I. to 

1 . 90 

2  14 

/.  10 

2.  30 

1.000 

0. 942 

0.  916 

0.9/9 

0.914 

RELATIVE  TIME  TO 
ACCELERATE 

M  =  0.  1  -  0  9 

1.00D 

1  099 

1.114 

1.087 

1.087 

RELATIVE  DEVELOPMENT 
COST  (INLET/EXHAUST) 

1  000 

1  527 

l  477 

1. 917 

2.516 

RELATIVE  PRODUCTION 
COST  (INLET/EXHAUST) 

l  ooo 

1.10. 

1.6/7 

2.016 

2.099 

RELATIVE  MAINTEN.  .NCE 
EFFORT  (INLET/EXHAUST) 

1  o 

1  .  S 

9  7 

11.0 

17  0 

Fig.  8  Inlet  and  Exhaust  System  Trades 
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VARIABLE 

AIRFRAME 

FEATURES 


SOPHISTICATED  SENSORS 
AUTOMATIC  OPERATION 


REDUNDANCY 

"FRILLS" 


HIGH  THRUST  LOADING 
BY  PASS  ENGINE 
MATCHING  TO  LARGE 

speed/performance 

RANGE 


FLY  -  AWAY  COST  OF  COMBAT  AIRCRAFT 


Fig.  9  Does  Complexity  Pay-off? 


Fig  .10  Balanced  Avionic*  Approach 


p 

CRCENT  OF  AIRCRAFT  EMPTY  WEIGHT 

IMPERATIVE 

RECOMMENDED 

DESIRABLE 

FUEL  PROTECTION 

INTERNAL  FOAM  IN  FUEL  TANKS 

1.09 

• 

EXTERNAL  VOID  FILLER 

0.24 

• 

SELF-SEAUNG  OF  FUEL  CELLS 

AND  FUEL  LINES 

0.67 

0.  34 

0.67 

ARMOUR 

INTERSTATION  CREW  PROTECTION 

0  10 

CRITICAL  COMPONENTS- FLYING  CONTROLS 

0.60 

CRITICAL  COMPONENTS  -  FUEL  VALVES 

0.29 

0.26 

BULLET-RESISTANT  WIND  SHIELD 

0.13 

CREW  ARMOUR  ON  FUSELAGE  SIDE 

• 

108 

TOTAL  PROTECTION  5.47% 

l  10 

1  36 

2  01 

Fig. 11  Optimum  Passive  Protection 
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SUMMARY 


The  stability  of  large,  low  load  factor  design,  supersonic  airplanes  is 
significantly  effected  by  aeroelasticity.  Such  airplanes  require  careful  prelininary 
design  analysis  to  insure  that  adequate  stability  and  control  is  achieved  in  the  final 
design  without  major  redesign.  The  impact  of  aeroelastics  on  stability  is  particularly 
important  for  airplanes  with  a  canard  pitch  control  surface.  The  sensitivity  of  airplane 
stability,  to  weight,  mass  distribution  flexibility,  and  aerodynamic  characteristics  must 
be  considered  in  arriving  at  an  adequate  design.  An  example  design  is  discussed. 


NOMENCLATURE 


ac 

WR 

ac 


E 

CR 

O.V. 

v 

DIVE 

VK) 

VDESCENT 

M 

LB. 


Aerodynamic  Center 

Rigid  Airplane  Aerodynamic  Center 

Elaatic  Airplane  Aerodynamic  Center 

Root  Chord 

Gross  Weight 

Limit  Dive  Velocity 

Limit  Maximum  Operating  Velocity 

Descent  Velocity 

Mach  Number 

Founds 


DfTRODUCTION 


Large  airplane* ,  especially  large  supersonic  airplanes  such  as  advanced  bombers  or  transports, 
have  large  moments  of  inertia.  As  a  result  their  control  response  is  more  sluggish  than  that  of 
naaller  airplanes.  Slow  response  to  pilot  control  Inputs  result  in  degraded  flight  path  and 
attitude  control  which  in  turn  effect  an  airplane's  relative  safety,  especially  during  rough  air 
approaches  and  landings.  Relatively  improved  landing  approach  control  results  fro*  the  use  of  a 
canard  for  pitch  control  such  that  an  increase  in  pitch  attitude  and  wing  lift  is  achieved  by  the 
addition  of  a  lift  force  on  the  canard  rather  than  a  downward  force  on  an  aft  tail  or  wing  surface. 

A  canard  control  surface  nust  be  a  carefully  Integrated  part  of  the  configuration  in  order  to  avoid 
or  minimize  undesirable  flight  characteristics,  l.e.:  (a)  Adverse  aerodynamic  Interference  on  the 
wing,  the  vertical  tails,  or  the  engine  inlets;  (b)  Increased  roughness  of  ride  for  the  crew; 

(c)  aeroelastic  stability  problems .  This  paper  deals  with  item  (c)  ae  roe  las  tic  stability  problems. 

THE  PROBUM 

Preliminary  design  studies  we.-e  made  of  a  large,  supersonic  transport  type,  variable  sweep 
airplane  with  a  canard  pitch  control  (Pig.  l).  The  aerodynamic  and  dead  weight  load  distributions 
along  the  fuselage  wing,  and  canard  for  steady  (H»  l)  flight  ia  roughly  as  indicated  in  Pig.  2. 

The  summation  of  all  the  vertical  loads  and  all  the  moments  about  the  center  of  gravity  must  be 
aero. 

When  the  fuselage  Is  lightly  loaded  (no  fuel  or  payload  in  the  forward  fuselage),  figure  3,  a 
sudden  change  in  angle  of  attack,  like  a  gust,  can  add  relatively  more  lift  to  the  canard  and 
forebody  than  to  the  wing  because  of  the  fuse  age  flexibility  and  the  lack  of  forward  fuselage 
inertia  to  resist  the  incremental  lift.  Such  fuselage  deflection  and  Increased  aerodynamic  lift 
cause  the  effective  aerodynamic  center  (for  the  dynamic,  control  fixed  case)  to  move  forward  and 
Is  destabilising.  Conversely  when  the  forward  fuselage  is  heavily  loaded  its  Inertia  tends  to 
cause  the  fuselage  to  bend  downward  when  a  sudden  upward  gust  hits  the  airplane,  resulting  in 
reduced  aerodynamic  lift  on  the  canard  and  fortbody  (Pig.  4).  In  this  case  the  effective 
dynamic  aerodynamic  center  stoves  rearward  and  is  stabilising.  It  is  necessary  to  predict  the 
incremental  aeroelastic  stability  effects  with  sufficient  accuracy  to  be  certain  of  adequate  total 
airplane  stability  and  control  for  all  flight  conditions. 

figure  3  presents  a  simplified  equation  for  dynamic  aerodynamic  center  location.  It  is  comprised 
of  the  rigid  airplane  aerodynamic  center  location  corrected  for  rigid  canard  effects,  elastic 
airplane  and  canard  effects  (including  inertia  effects),  and  airplane  and  canard  maneuver  damping 
effects. 

The  elastic  characteristics  of  the  wing,  fuselage,  and  canard  are  indicated  by  their  respective 
stiffnesses  such  as  figure  6,  the  fuselage  moment  of  inertia  distribution.  Similarly  inertia 
effects  are  related  to  the  maee  or  weight  distribution. 

The  aerodynamic  effect  of  a  given  deflection,  ir  angle  of  sttack,  or  camber  change  is  proportioned 
to  the  airplane  flight  dynamic  pressure.  Pig.  7-  The  maximum  dynamic  pressure  occurs  on  the  dive 
velocity  placard,  consequently  the  aeroelastic  effects  art  the  largest  along  the  dive  placard 
boundary.  The  aerodynamic  characteristics  of  the  wing,  fuselage  and  canard  must  be  estimated  or 
derived  from  wind  tunnel  tests. 

The  difference  between  the  calculated  aerodynamic  centers  for  the  elastic  and  rigid  cases  is 
presented  as  the  aeroelastic  effect  on  aerodynamic  center,  figure  8  indicates  that  the  airplane 
without  a  canard  has  a  maximum  aeroelastic  aerodynamic  center  variation  of  6  percent  of  the  root 
chord,  at  about  .8  Mach  number  on  the  dive  velocity  placard.  The  higher  gross  weight  condition, 
which  has  a  heavily  loaded  fuselage,  has  smaller  aeroelastic  effects,  especially  at  supersonic 
Mach  numbers. 

figure  9  presents  the  incremental  aerodynamic  center  due  to  aeroelastic  effects  for  the  complete 
airplane  including  the  canard  control  plane.  As  in  the  canard  off  case,  the  higher  gross  weight 
reduced  the  net  aeroelastic  aerodynamic  center  variations.  The  largest  variations  occurred  in  the 
transonic  speed  regime  and  at  the  highest  operating  dynamic  pressures  (on  the  dive  placard). 

The  difference  between  the  canard  on  and  canard  off  characteristics  in  figure  10  shows  the  canard 
to  contribute  aeroelastic  variations  of  up  to  6  percent  stabilizing  for  the  light  weight,  lightly 
loaded  fuselage  at  1.2  Mach  nusiber  on  the  olvw  velocity  placard.  Conversely  the  dynaaiic  aero¬ 
elastic  stability  contribution  of  the  canard  was  destabilizing  at  the  high  subsonic  Mach  numbers 
and  highest  supersonic  Mach  numbers  for  the  high  gross  weight  case. 

Since  the  dynamic  aeroelastic  stability  effects  are  large  at  Mach  1.2  and  are  a  maximum  at  the 
highest  flight  dynamic  pressure,  a  number  of  sensitivity  studies  are  presented  for  the  Mach  1.2, 
dive  velocity  placard  condition  in  figures  11  through  16. 

figure  11  indicates  that  a  23  percent  change  in  canard  lift  curve  slope  results  in  only  about  one 
percent  change  in  the  aeroelastic  stability  contribution.  The  canard  stiffness  can  have  a  large 
effect  on  the  aeroelastic  stability  increment,  especially  for  the  high  gross  weight  case  (fig.  12). 


Any  reduction  in  forebody  stiffness  can  result  in  large  increases  in  aeroelastic  stability 
variations  (Figure  13)  for  the  light  gross  weight  case. 

Figure  lU  indicates  that  fuselage  forebody  lift  curve  slope  variations  are  not  of  great 
significance . 

Since  the  dynamic  aerodynamic  center  is  a  function  of  the  fuselage  inertia  effects  and  the  normal 
accelerations  to  which  the  fuselage  is  subjected,  wing  lift  curve  slope  variations  (which  occur 
with  planform  changes)  can  significantly  effect  the  aeroelastic  stability  increments  as  indicated 
in  Figure  15 . 

In  order  to  better  understand  the  dynamic  aeroelastic  stability  effects,  the  variations  with 
flight  dynamic  pressure  of  the  pure  aeroelastic  effect  (no  mass),  the  pure  inertia  relief  effects 
and  the  net  effect  of  combining  these  two  are  presented  in  Figure  16.  The  inertia  relief  effect  is 
related  to  the  normal  acceleration  that  the  airplane  experiences  upon  encountering  a  gust  and  the 
fuselage  deflection  that  results  because  of  the  mass  distribution  along  the  fuselage.  A  given 
angle  of  attack  change  causes  a  smaller  normal  acceleration  for  the  high  gross  weight  airplane 
than  for  the  light  gross  weight  airplane ,  consequently  its  inertia  relief  is  less  (provided  the 
fuselage  mass  distribution  is  the  same).  The  data  on  Figure  16  indicates  that  the  inertia  relief 
for  the  light  weight  case  is  30  percent  greater  than  for  the  heavy  weight  case.  It  is  noteworthy 
that  the  ratio  of  gross  weights  would  indicate  a  45  percent  greater  normal  acceleration.  The 
relatively  greater  stabilizing  effect  of  Inertia  relief  for  the  605,000  pound  case  is  the  result  of 
the  Increased  mass  distribution  along  the  fuselage  for  this  heavy  gross  weight  case.  It  is  note¬ 
worthy  that  the  20  percent  destabilizing  contribution  of  the  pure  aeroelastic  effect  is  more  than 
offset  by  the  inertia  relief  effect.  The  result  is  a  net  effect  of  less  than  8  percent  root  chord 
shift  in  the  dynamic  aerodynamic  center. 


CONCUISIOJTS 

It  is  Important  that  any  preliminary  design  configuration  be  arranged  so  the  combined  effects  of 
the  rigid  aircraft  aerodynamics  and  aeroelasticity  result  in  a  stable  and  controllable  vehicle  for 
all  possible  flight  conditions.  The  size,  location,  planform,  and  elastic  characteristics  of  any 
canard  control  must  be  considered  in  making  the  control  selection.  Interacting  effect  of  wing, 
fuselage  and  mass  distribution  can  significantly  impact  the  adequacy  of  the  control  and  stability 
of  an  airplane;  especially  large,  slender,  low- load- factor  airplanes. 


WING  AREA  =  9,000  FT2 
CANARD  AREA  (EXPOSED)  =  258  FT2 


n  = 1  SHAPE 


Figure  4.  Heavy  Fuselage  Loading,  High  Normal  Acceleration 
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Figure  5.  Total  Aerodynamic  Center  for  the  Airplane  with  Canard  Controls  Fixed 


Figure  6.  Fuselage  Stiffness  and  Weight  Distribution 


DYNAMIC  PRESSURE  =  LB/FT2 


Figure  7.  Flight  Operating  Conditions 
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Figure  8.  Aerodynamic  Center  Variation  Due  to  Elasticity  -  Canard  Off 
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Figure  9.  Aerodynamic  Center  Variation  Due  to  Elasticity  —  Canard  On 
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Figure  10.  Aerodynamic  Center  Variation  Due  to  Canard  Only— Flexible  Airplane 
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Figure  1 1.  Effect  of  Canard  Lift  Curve  Slope  on  Aeroelastic 


Aerodynamic  Center  Increment 
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Figure  12.  Effect  of  Canard  Stiff  ness  on  Aeroelastic 
Aerodynamic  Center  Increment 
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13.  Effect  of  Forebody  Stiffness  on  Aeroe/astic 
Aerodynamic  Center  Increment 
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Figure  14.  Effect  of  Forebody  Lift  Curve  Slope  on  Aeroe/astic 
Aerodynamic  Center  Increment 
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Figure  15.  Effect  of  Wing  Lift  Curve  Slope  on  Aeroelastic 
Aerodynamic  Center  Increment 


DYNAMIC  PRESSURE  (LB/FT*) 

Figure  16.  Effect  of  Dynamic  Pressure  on  Aeroelastic 
Aerodynamic  Center  Increment 
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SUMMARY 


The  present  paper  is  intended  primarily  to  highlight  some  of  the  fluid-dynaaios 
considerations  whioh  arise  in  the  early  design  stages  of  advanoed  combat  airoraft.  After 
■one  performance  considerations  of  this  type  of  aircraft!  including  some  comparisons  between 
fixed-wing  and  variable-sweep  layouts,  reference  is  made  to  aerodynamic  problems  in  the 
design  of  variable-sweep  airoraft  whioh  have  received  considerable  attention  during  the  past 
deoade.  A  brief  outline  is  given  of  some  of  the  outstanding  problems  of  wing  design,  wing- 
body  interference  and  the  estimation  of  wave  drag.  Some  questions  arising  in  the  choice  of 
engine  intakes  are  mentioned,  along  with  the  many  jet  and  afterbody  problems,  including  the 
possible  effeots  of  jet  temperature  on  the  base  drag.  It  is  concluded  that,  if  uncertainties 
and  risks  are  to  be  minimised  for  current  stringent  and  multi-role  requirements,  end  if  the 
full  potentialities  of  the  variable-sweep  oombat  aircraft  are  to  be  exploited,  then  more 
researoh  is  needed  and  is  well  justified,  especially  in  aerodynamics. 


This  paper,  whioh  had  to  be  written  at  short  notioe,  is  based  essentially  on  helpful  comments 
provided  quiokly  by  colleagues  within  Aerodynamics  Department,  R.A.E,  (Fembo rough  and  Bedford) 
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SOME  FLUID-DYNAMICS  CONSIDERATIONS  RELATING  TO  THE 
PRELIMINARY  DESIGN  OF  COMBAT  AIRCRAFT 


1.  Introduction 


As  a  contribution  associated  primarily  with  the  Fluid  Dynamics  Panel  Interests,  the  present 
paper  Is  intended  to  highlight  some  of  the  fluid  dynamics  problems  whicn  arise  in  the  early 
design  stages  of  combat  aircraft.  These  aircraft  are  here  taken  to  be  of  tactical/ fighter  type. 
Their  layout  follows  classical  concepts  with  separate  wings  on  a  fuselage,  and  with  one  or  two 
engines  usually  installed  within  the  fuselage.  Their  operation  combines  a  wide  variety  of 
different  requirements,  so  that  wings  with  variable  sweep  offer  a  promising  solution. 

Because  such  aircraft  have  to  meet  a  wide  range  of  requirements,  their  design  cannot  be 
biased  heavily  towards  one  predominant  aerodynamic  condition  (e.g.  the  high-altitude  oruise),  as 
in  the  case  of  transport  aircraft  for  long  or  medium  range „  In  general,  the  combat  aircraft  have 
to  operate  effectively  at  much  higher  speeds  and  muoh  higher/lower  incidences,  relative  to  a 
primary  design  condition,  than  would  be  the  case  with  the  transport  aircraft.  In  this  context, 
reference  may  usefully  be  made  to  the  recent  AGAED  Specialists'  Meeting(l)  on  transonic  aero- 
dynamlos,  and  to  an  earlier  International  Congress  on  Subsonic  Aeronautics  (2),  at  which  many 
problems  were  discussed  which  are  relevant  here.  However,  in  the  present  state  of  knowledge,  the 
designer  of  combat  aircraft  appears  to  be  less  well  served  than  the  transport  designer  in  that  he 
has  to  face  even  more  intricate  aerodynamic  problems,  entering  into  flow  regimes  whioh  are  even 
further  or  more  frequently  away  from  any  single  ideal  condition.  There  is  thus  much  room  for 
additional  aerodynamic  research  aimed  at  improvements  in  high-performance  combat  aircraft  design, 

2.  Some  Performance  Considerations 


In  the  classical  design  of  swept-wing  aircraft,  the  shape  is  so  chosen  that  the  simple 
attached  and  shcok-free  aerofoil  flow  is  maintained  ideally  throughout  the  flight  envelope,  with 
only  small  excursions  beyond  these  limits.  The  same  aerodynamic  design  principles  can  be  applied 
to  wings  with  variable  sweep  with  the  result  that,  to  a  first  order,  variable-sweep  airor&ft  can 
be  operated  at  widely  different  speeds  from  low-subsonio  to  supersonic  without  losing  range 
(lig.l)(3).  Thus,  the  low-speed  oharaoteri sties  and  the  endurance  of  a  fixed-wing  aircraft  of 
low  sweep  oan  be  combined  with  the  supersonic  capability  of  one  with  high-sweep.  These  basic 
features  can  be  usefully  exploited  for  military  applications  but,  with  combat  aircraft,  the 
requirements  are  especially  demanding  to  ensure  optimum  effectiveness  for  radically  different 
missions  and  fli^it  regimes.  For  instance,  extra  demands  are  made  on  the  manoeuvrability  of  the 
aircraft  which  may  lead  beyond  the  classical  flow  limits  into  regions  where  strong  shock  waves 
and  flow  separations  may  occur.  Again,  to  cope  with  extreme  demands  of  performance  and  handling 
requirements,  there  is  the  over-riding  need  to  achieve  an  acceptable  compromise  between  detailed 
design  features  (such  as  camber  and  twist)  which  may  conflict  with  one  another,  even  though  the 
overall  features  are  consistent  and  remarkably  simple  and  although  aero-elastic  deformations  oan 
be  beneficial.  It  is  not  surprising  therefore  that  many  complex  and  novel  problems  have  to  be 
tackled. 

With  regard  to  estimating  performance  of  swept-wing  aircraft,  there  is  inevitably  a  great 
difference  in  complexity  between  the  conventional  long-range  subsonic  transport  airoraft  and  the 
multi-role  combat  airoraft.  Thus,  performance  studies  of  combat  aircraft  must  inolude  parti¬ 
cularly  elaborate  computer  programs  for  calculating  the  various  missions  and  the  effects  of  the 
large  number  of  parameters  upon  these.  Parametrio  studies,  using  both  simplified  exploratory 
analysis  and  such  complex  programs,  have  been  made  to  determine  what  is  technically  possible  and 
to  check  whether  certain  specified  requirements  are  realistic.  However,  these  studies  are 
strictly  outside  the  scope  of  the  present  paper  and  only  a  few  results  are  included  for  the 
purpose  of  illustration,  as  background  to  the  discussion  of  relevant  aerodynamic  problems. 

For  example,  one  of  the  main  design  parameters  for  specification  is  the  wing  loading.  With 
conventional  transport  airoraft,  the  design  wing  loading  is  primarily  determined  by  the  required 
landing  speed,  taking  into  consideration  of  course  the  requirements  for  take-off  distance  and 
cruise,  together  with  the  high-lift  devices  available  and  the  engine-thrust  characteristics  under 
various  conditions.  For  a  multi-role  combat  aircraft,  the  choice  also  depends  on  the  desired 
manoeuvre  capabilities  over  a  wide  spectrum  of  speed  and  altitude,  response  to  gusts  at  high 
E.A.S.,  matching  of  subsonic  and  supersonic  range,  speed  and  rate-of-climb  capabilities,  etc. 

Fig. 2  illustrates  simply  how,  for  a  combat  aircraft  with  prescribed  engine  size,  the  design  wing 
loading  at  take-off  first  increases  with  aircraft  all-up-weight  (greater  fuel-load  and  range) 
when  the  landing  is  the  controlling  requirement.  However,  the  resulting  increase  in  take-off 
distance  eventually  becomes  unacceptable,  eo  that  the  design  wing  loading  must  reduce  steadily 
with  further  increase  in  all-up-weight.  The  ability  to  develop  a  prescribed  nonnal  acceleration 
(ng)  during  combat  also  provides  an  upper  limit  to  the  wing  loading,  while  the  gust  response  in 
low-altitude  high-speed  flight  defines  a  lower  limit.  Moreover,  in  order  to  maintain  the  required 
high-speed  performance  in  level  flight  or  high  rate-of-climb  for  interception,  the  resulting 
growth  in  engine  size  with  inoreasing  all-up-weight  introduces  further  limiting  considerations. 

More  generally,  not  all  suoh  considerations  will  be  compatible,  so  that  some  compromise  in 
end  relaxation  of  initial  operational  demands  may  be  neoessary.  Furthermore,  the  interplay 
between  a  large  number  of  fundamental  design  parameters  and  such  diverse  performance  requirements 
needs  to  be  examined  thoroughly,  with  a  view  not  only  to  optimisation  of  cost-effectiveness,  but 
also  as  regards  sensitivity  to  possible  deviations  from  the  basic  technical  asswptions  and 
mission  specifications. 


For  our  purposes,  the  performance  capabilities  of  fixed-wing  combat  aircraft  ought  also  to 
be  oompared  against  those  of  variable-sweep  type,  based  on  assumptions  which  correspond  to  the 
ourrent  state  of  technology.  Some  typical  results  for  radius  of  action,  and  the  time  taken  to 
olimb  to  M  *  2  at  high  altitude,  imply  that  the  variable-Bweep  configuration  is  far  superior 
(Fig. 3) ,  assuming  oomparable  levels  of  short  field  performance  are  maintained.  For  a  given  weight 
(or  cost)  the  fixed-wing  aircraft  does  not  provide  as  good  radius  and  olimb  performances  as  the 
variable-sweep  aircraft;  alternatively,  the  weight  of  the  fixed-wing  aircraft  to  ensure  the  same 
levels  of  performance  is  much  greater  than  for  the  variable-gometry  configuration.  This  is  not 
to  argue  that  the  same  will  always  be  true,  but  rather  to  illustrate  our  special  interest  in 
variable-sweep  airoraft  for  multi-role  combat  aircraft  operations. 

3.  Wing  Design 

In  principle,  the  wings  of  variable-sweep  combat  aircraft  can  be  designed  according  to  the 
same  oonoepts  and  methods  as  fixed-wing  airoraft;  these  have  already  been  described  thoroughly 
by  BagleyU) ,  and  by  Lock  and  Bridgewater (5) .  Many  relevant  matters  have  also  been  discussed  at 
the  recent  AGARD  meeting  on  transonio  aerodynamics  where,  in  particular,  Raines  discussed  the 
factors  affecting  the  basio  choice  of  seotional  pressure  distributions  and  swept  isobar  patterns 
for  economic  operation  at  high  subsonic  speeds.  However,  very  little  was  said  there  which 
specifically  refers  to  combat  aircraft.  Here,  time  and  space  permit  only  a  very  brief  outline  of 
existing  and  possible  design  approaches. 

Naturally,  ourrent  practice  must  attempt  to  make  the  best  use  of  available  information,  with 
Intelligent  application  of  existing  theoretical  and  experimental  techniques.  Unfortunately, 
design  details  have  still  largely  to  be  finalised  by  extensive  wind-tunnel  tests  involving  ad-hoo 
checks  and  modifications,  primarily  concerned  with  getting  the  overall  aerodynamlo  forces  and 
moments  right,  taking  into  account  practical  constraints  on  the  wing  geometry.  Of  course,  some 
aerodynamlo  features  which  are  known  to  be  detrimental  may  be  avoided  right  at  the  outset,  such 
as  small  aspect-ratio  and  high-taper  at  low  sweep  angle,  and  pronounced  kinks  in  the  leading-edge; 
i.e.  a  'clean  wing'  with  well-ordered  flow  characteristics  as  well  as  high  efficiency  is  very 
desirable.  Use  can  be  made  of  methods  already  extensively  employed  for  transport  aircraft  to 
obtain  suitable  oompatible  sets  of  the  basic  c  deign  parameters;  e.g.  thickness-to-chord  ratio, 
lift  coefficient,  Mach  number,  and  sweep  angle.  Similarly,  novel  methods  for  designing  the  basio 
seotion  shape  can  be  directly  applied.  To  obtain  a  good  section  which  can  cope  with  the  extremely 
wide  speed  and  altitude  requirements  for  combat  aircraft,  a  designer  is  well  advised  at  this  stage 
to  be  less  ambitious  and  rather  more  conservative  as  regards  specific  optimisations,  for  instance 
in  the  applioation  of  rear  loading. 

Some  indication  of  the  severity  of  the  problem  is  shown  by  a  typical  envelope  of  the 
required  values  for  the  maxlmun  usable  lift  coefficients  at  different  Mach  numbers  (Fig.4).  The 
implications  of  stability  and  manoeuvre  requirements  on  tail  size  have  also  to  be  borne  in  mind 
when  specifying  the  desired  wing  characteristics.  The  estimation  of  the  various  aerodynamic 
boundaries  obviously  poses  very  .intricate  problems,  especially  as  regards  buffet  onset  and 
acceptable  buffet  penetration,  which  can  involve  structural  and  operational  aspects  as  well  as 
aerodynamics.  Detailed  experimental  investigations  of  specific  designs,  such  as  those  made  by 
Mabey\6)  are  again  essential,  but  these  are  difficult  to  perform  and  the  relevant  results  may  not 
be  available  in  the  early  design  phase.  At  that  stage,  the  designer  should  also  assess  the 
advantages  of  partial  extension/deflection  of  full-span  leading  and  trailing-edge  devices  already 
desirable  to  obtain  the  high-lift  coefficients  required  at  low  speeds.  This  can  also  help  achieve 
compatibility  between  the  basio  wing  design  parameters. 

A  more  sophisticated  approach  for  use  at  the  early  design  stage  would  be  to  aim  to  formulate 
comprehensive  classical  treatments,  attempting  to  design  rigorously  for  subcritical  flow  (with 
only  small  departures)  in  all  flight  regimes.  The  details  of  the  pressure  distribution  over  the 
whole  surface  must  then  be  considered,  taking  account  of  the  elastic  properties  of  the  wing 
structure.  Systematic  studies  of  this  kind  do  not  yet  appear  to  have  been  completed,  but  they 
could  well  throw  up  conflicting  answers,  for  instance  with  regard  to  the  fona  of  camber  and  twist 
required  at  different  values  of  the  sweep,  Mach  number  and  lift  coefficient.  To  resolve  this, 
variable  camber  and  twist  might  have  to  be  incorporated  along  with  variable  sweep,  taking  full 
account  and  advantage  of  aero-elastic  effects,  but  this  possibility  and  the  engineering  implica¬ 
tions  have  not  yet  been  properly  assessed.  However,  if  the  designer  had  such  comprehensive  means 
at  hiB  disposal,  he  could  set  himself  physically  realistic  aims  and  achieve  realistic  values  even 
in  the  preliminary  design  phase.  In  this  context,  another  basic  philosophy  is  worth  mention, 
where  the  wing  is  designed  for  classical  aerofoil  flow  at  low  angles  of  sweep,  but  for  flow  with 
leading-edge  vortices  at  high  angles  of  sweep  when  the  wing  joins  the  tailplane  to  form  a  single 
lifting  surface.  Again,  this  possibility  does  not  yet  seem  to  have  been  explored  systematically. 

As  an  alternative  design  approach,  we  oould  extend  the  existing  design  methods  to  flows  which 
are  intended  to  include  regions  of  supersonic  flow  with  shock  waves.  However,  the  reliable  treat¬ 
ment  of  such  mixed  flows  in  three  dimensions  requires  much  new  knowledge,  not  only  on  inviscid 
flows  but  also  on  viscous  interaotionew) » (®) ,  while  new  design  criteria  and  alms  will  need  to  be 
established.  Hence  the  development  of  this  "mixed-flow  approach"  to  a  stage  where  its  practical 
application  can  be  seriously  considered  and  assessed  should  be  a  subject  for  future  research,  as 
also  should  the  "comprehensive  olassical  approach"  mentioned' 'previously. 


Clearly,  a*  regards  wing  design  and  also  some  other  aspects  discussed  later,  our  present 
standard  of  knowledge  still  involves  serious  uncertainties  in  the  early  design  stage,  when  risks 
have  to  he  taken.  If  these  risks  are  to  be  minimised  and  if  the  full  potentialities  of  variable- 
sweep  combat  aircraft  are  to  be  exploited,  then  much  more  research  is  needed  and  justified, 
especially  in  aerodynamics. 

4.  Wing-Body  Interference 

For  the  shapes  under  consideration,  wing-body  aerodynamic  interference  can  be  severe,  so 
that  the  problems  of  wing  design  are  aggravated  by  the  interactions  between  the  wings  and  the 
fuselage,  while  the  tail  unit  has  also  to  be  taken  into  account.  In  view  of  the  Importance  of 
these  effects,  the  designer  should  have  at  his  disposal  methods  for  determining  the  details  of 
the  flow,  such  as  pressure  distributions  over  the  whole  surface  combination,  and  for  designing 
shapes  which  possess  prescribed  aerodynamic  characteristics.  Such  methods  are  not  yet  available, 
except  for  muoh  simplified  shapes,  but  one  can  try  to  determine  overall  forces  and  momenta. 

In  1957,  Pitta,  Nielsen  and  Kaatari(9)  developed  a  useful  approach  to  the  problem  of 
calculating  the  lift  and  the  position  of  the  centre  of  pressure  of  wing-body-tall  combinations  at 
subsonic,  transonic  and  supersonic  speeds,  using  slender-body  theory  for  the  interaction  terms. 

In  the  meantime,  the  range  of  such  slender-body  theory  solutions  has  been  extended.  For  example, 
Bartlett(IO)  has  dealt  with  the  wing  mounted  in  an  arbitrary  way  on  a  circular  fuselage.  Uore 
recently,  Andrews^  1)  has  treated  wings  mounted  on  top  of  fuselages  of  rectangular  cross- sections 
(as  in  Fig. 5),  which  approximata  more  closely  to  many  oombat  aircraft  layouts)  the  sides  of  the 
fuselage  are  assumed  parallel  and  the  V,  ctom  of  the  fuselage  is  parallel  to  the  wing  at  the 
station  considered.  Convenient  parameters  are  k  relating  the  breadth  of  the  fuselage  to  ita 
depth,  and  A*  relating  the  cross-sectional  area  to  th  square  of  the  spaa.  Then  L*,  the  ratio  of 
the  lift  to  that  of  a  flat  plate  of  the  same  span,  can  be  found  numerically.  Some  results  are 
shown  in  Fig. 6. 

The  horizontal  line  I*  -  1  corresponds  simply  to  bodies  with  elliptic  cross-sections, 
becoming  thicker  as  A*  increases  from  left  to  right.  The  top  curve  corresponds  to  rectangular 
bodies  in  isolation  and  comes  from  the  classical  work  of  von  Barman  and  Burgers.  Andrews'  results 
for  rectangular  bodies  of  fixed  proportions,  occupying  a  varying  proportion  of  the  wing  span,  run 
from  L*  -  1  at  A*  -  0  initially  downwards  and  then  upwards  to  terminate  on  the  von  Barman  curve. 
The  familiar  curve  for  a  wing  mounted  symmetrically  on  a  circular  body  is  also  included,  together 
with  Bartlett's  results  for  a  wine  on  top  of  a  circular  body,  (which  lie  very  close  to  Andrews' 
curve  for  k  .  1/2),  and  Portnoy's  results C1 2)  for  a  semi-circular  body  beneath  a  wing. 

When  the  overall  interference  effects  can  be  as  large  as  indicated  in  Fig. 6,  it  is  not 
surprising  that  local  effects  may  be  larger  still.  As  an  example,  Pig. 7  shows  the  spanwise 
loading  over  a  simple  'rigid  model'  simulating  a  combat  aircraft  configuration  with  a  high  wing 
on  a  body  of  rectangular  cross-section.  There  is  a  significant  loss  of  lift  near  the  wing  root, 
which  could  be  eliminated  by  a  suitable  application  of  camber  and  twist,  possibly  with  some 
alleviation  from  aero-olastic  effects.  But  the  designer  can  accept  such  modifications  only  after 
determining  what  the  consequences  are  at  other  flight  conditions  and  sweep  angles,  and  what 
mechanical  complications  are  involved.  This  example  demonstrates  dearly  the  advances  which  need 
to  be  made  in  the  aerodynamic  design  before  the  designer  has  a  complete  and  reliable  method  at 
his  disposal. 

The  foregoing  discussion  relates  strictly  to  interference  effects  under  high-speed  conditions 
at  low  lift-coefficients.  It  must  be  added  ti.at  reliable  theoretical  treatments  are  aleo  needed 
for  swept-wing  body  combinations  at  high  lift-coefficients,  both  without  and  with  high-lift 
devices  extended, 

5.  Wave  Dram 

For  the  practical  estimation  of  aircraft  drag  at  supersonic  speeds  many  contributions  have 
to  be  derived,  Including: 

zero-lift  drag,  lift-dependent  drag,  propulsion-system  drag,  trim  dreg, 
excrescence  and  store  drags. 

The  designer  is  indeed  faced  with  a  formidable  task,  especially  if  aircraft  performances  have  to 
be  guaranteed,  because  any  uncertainty  in  drag  estimation  may  lead  to  installation  of  extra 
thrust  (increased  aircraft  weight)  or  ultimately  necessitate  extensive  modifications. 

Here,  we  shall  only  consider  briefly  the  determination  of  wave  drag  at  or  near  zero-lift, 
which  plays  a  vital  part  in  the  prediction  of  the  supersonic  capability  of  a  oombat  aircraft  at 
all  altitudes.  This  alone  presents  a  very  complex  aerodynamic  problem,  even  if  it  may  be  aseuned 
that  the  contribution  of  the  wing  in  its  high-sweep  position  1b  small.  The  shapes  to  be  dealt 
with  are  generally  highly  three-dimensional  and  not  smooth,  while  the  fluid-dynamics  considera¬ 
tions  are  especially  complicated,  Involving  intake  and  exit  flows,  shock  waves,  strong  viscous 
effects  and  interactions,  and  probably  flow  separations. 


While  estimates  for  wave  drag  may  well  be  b'.st  derived  from  total  drag  measurements,  the 
provision  of  the  latter  calls  for  an  elaborate  series  of  tests  in  which  engine  airflow  is 
correctly  simulated,  while  there  is  also  a  need  to  check  that  the  skin-friction  drag  can  bo 
correctly  estimated.  For  isolated  slender  wings,  Evans 3)  showed  that  sufficiently  accurate 
estimates  of  skin-friction  drag  can  be  made  by  using  flat-plate  data  on  a  strip-theory  basis. 
Similarly,  Winter  and  Smithi^T  showed  that,  for  a  cambered  delta  wine,  the  total  skin-friction 
drag  was  only  some  5$  to  10$  less  than  that  on  an  equivalent  flat-plats,  although  in  some  areas 
the  local  skin- friction  drag  fell  to  as  low  as  one-half  the  flat-plate  value.  Nevertheless,  it 
has  yet  to  be  shown  that  the  skin-friction  drag  can  be  as  reliably  estimated  for  a  complex  shape 
such  as  a  combat  aircraft.  Thus,  taking  also  into  account  the  difficulties  of  correctly  repre¬ 
senting  the  engine  flow,  it  is  clear  that  a  theoretical  method  for  estimating  wave  drag  is 
desirable,  in  order  to  back  up  the  analysis  of  the  tunnel  measurements.  Such  theoretical 
estimates  are  in  any  case  essential  at  the  early  stage  of  a  design,  before  tunnel  results  are 
available,  even  if  some  empirical  factors  based  on  past  experience  have  to  be  introduced. 

Currently,  the  only  theoretical  methods  applicable  make  use  of  linear  theory,  with  additional 
assumptions  leading  to  the  supersonic  area  rule  and  transfer  rule.  These  are  formally  equivalent, 
but  the  transfer  rule  gives  scope  for  including  empirical  values  of  wing  drag,  although  it  is 
debatable  whether  this  necessarily  leads  to  greater  overall  accuracy  of  prediction.  Both  rules 
involve  the  evaluation  of  von  Karman's  double-integral,  for  which  the  methods  of  Hninton  or  Cahn 
and  Olst&d  can  be  employed.  Unfortunately,  such  applications  are  unsatisfactory  in  principle, 
because  the  physical  flows  involved  do  not  normally  satisfy  the  assuaptions  of  the  linearised 
theory.  Local  disturbances  are  large,  particularly  at  the  aircraft  nose,  canopy,  and  wing  leading- 
edge,  so  that  not  only  does  the  theory  incorrectly  estimate  the  effect  of  surface  slopes  but  also 
does  not  properly  account  for  the  propagation  of  the  disturbances. 

Furthermore,  apart  from  such  fundamental  fluid-dynamics  objections,  the  methods  have  been 
shown  to  be  somewhat  unsatisfactory  in  practice,  for  example  the  data  presented  by  Harris(l5) 
showed  that,  for  a  simple  body  of  revolution  with  a  fineness-ratio  typical  of  combat  aircraft, 
errors  as  high  as  20$  could  oocur  in  the  drag  estimates.  Surprisingly,  his  estimates  for  complete 
aircraft  shapes  are  rather  better,  suggesting  the  presence  of  a  compensating  error  in  these 
particularly  simple  examples.  In  addition,  difficulties  arise  in  specifying  the  area  distribu¬ 
tions  to  be  used  in  these  methods,  particularly  where  discontinuities  in  shape  occur,  such  as  at 
the  oanopy  and  wing  leading-edge,  since  these  discontinuities  will  be  smoothed  out  to  some  extent 
by  the  boundary-layer.  Another  difficult  region  for  interpretation  is  at  the  propulsive  nozzle, 
where  the  presence  of  the  expanding  jet  may  induce  separations  ahead  of  the  rear  end  of  the  air¬ 
craft  structure. 

Some  of  the  objections  could  be  removed  by  the  development  of  more  exact  solutions  for  the 
inviscld  part  of  the  flow.  For  exsmple,  an  exact  solution  of  the  linear  theory  equations  has 
been  derived  by  Woodward 0 6) ,  and  makes  use  of  singularities  on  the  surface;  however,  the  funda¬ 
mental  objections  to  linearised  theory  can  still  apply.  The  further  development  of  practical 
treatments  based  on  the  method  of  characteristics  would  appear  feasible  for  non-smooth  non- 
synmetrlc  shapts,  though  possibly  expensive  and  time-consuming,  Moreover,  such  improvements  would 
need  to  be  supplemented  by  improved  methods  for  dealing  with  three-dimensional  turbulent  boundary- 
layers  including  flow  separations  and  viscous  interactions, 

6.  Air  Intakes 


Most  combat  aircraft  designs  feature  single  or  twin  engines  mounted  in  the  fuselage  and  fed 
by  air  from  intakes  on  the  sides  of  the  fuselage.  In  general,  the  engine  flow  is  relatively  large 
and  significantly  affects  the  flow  past  the  whole  aircraft.  In  particular,  the  Intake  flow  may 
interact  with  the  flow  past  the  fuselage  and  the  wing,  and  the  Jet  may  interact  with  the  flow  past 
the  afterbody.  The  intake  must  operate  over  an  extraordinarily  wide  range  of  flow  conditions,  and 
the  basic  design  problem  centres  mainly  on  the  compromise  to  be  struck  between  these,  especially 
between  the  demands  of  efficient  high-subsonio  cruise  and  high-altitude  supersonic  interception. 
Thus,  major  problems  can  arise  from  the  need  for:- 

a)  Reconciliation  of  the  conflicting  requirements  for  low  spillage  drag  at  fairly  high 
rates  of  spill  in  low-altitude  flight  at  high-subsonio  speeds,  with  those  for  low  external  wave 
drag  and  low  rates  of  spill  (together  with  high  internal  pressure  recovery)  in  high-altitude 
supersonic  fligitj 

b)  Provision  of  an  internal  flow  with  high  preesure  recovery  and  uniform  pressure 
distribution  at  the  engine  face  under  all  flight  conditions,  iicluding  the  extreme  conditions  of 
attitude  that  a  highly  manoeuvrable  aircraft  will  attain. 

At  supersonic  speeds,  at  least,  an  attempt  can  be  made  to  design  the  compression  surfaoes  in 
such  a  way  that  a  desired  system  of  shock  waves  is  realised.  Design  methods  are  available  for 
relatively  simple  shapes,  such  as  two-dimensional  and  axisymmetric  intakes.  But  off-design 
conditions  and  boundary-layer  diverters  and  bleods  pose  so  many  additional  problems  that  extensive 
experimental  investigations  are  indispensable.  To  exeoute  these  at  a  reasonably  early  point  in 
the  design  cycle  requires  powerful  and  versatile  experimental  rigs. 


Henoe,  to  enable  pressure  reoovery  and  floe  distribution  to  be  Investigated  In  detail,  a 
'Generalised  rig  Tor  testing  intakes  (GERTI)'  has  been  developed  by  Goldsmith(l7),  at  R.A.E. 
Extensive  studies  have  already  been  made  with  this  rig  on  three  relevant  types  of  intakes  I- 
a  rectangular  Intake  with  a  variable  seoond-wedge  compression  surface)  a  similar,  but  half- 
axisynmetric  design  with  a  variable  second-cone  angle;  and  another  half-axisymmetric  intake  with 
a  translating  ainglo-cone  compression  surface.  Under  some  conditions  of  intake  design  and  test 
Mach  number,  simple  theoretical  predictions  of  maximum  capture  flow  and  pressure  reoovery  are 
possible,  and  reasonably  good  agreement  between  estimates  and  measured  results  oan  be  achieved, 
as  illustrated  by  Mg.  8. 

As  regards  drag  contributions,  major  areas  of  inadequate  data  currently  being  studies  at 
R.A.E.  include i- 

a)  drag  of  fuselage  boundary-layer  diverters  or  bleeds,  at  subsonio  and  supersonic  speeds) 

b)  influence  of  cowl  shape  and  compression-surface  geometry  on  spillage  drag,  at  both 
subsonio  and  supersonic  speeds) 

o)  definition  of  cowl  shapes  whioh  effectively  compromise  between  low  spill  drag  at  high- 
subsonic  speeds  and  low  wave  drag  at  supersonic  speeds. 

7.  Afterbody  and  Jet  Problems 

The  aerodynamic  problems  associated  with  the  back  end  of  a  combat  aircraft  are  also 
especially  complex  and,  apart  from  a  few  limited  theoretical  treatments,  their  solution  again 
requires  experimental  studies  using  specialised  and  versatile  rigs.  A  major  design  difficulty  is 
to  reconcile  the  high  base  drag  associated  with  a  large  base  area,  presented  when  the  nozzle  is  in 
the  unreheated  condition  at  high-subsonic  speeds,  with  the  requirement  for  a  large  nozzle  exit 
area  (associated  with  reheat)  and  possibly  a  convergent-divergent  nozzle  for  effioient  propulsion 
at  supersonic  speeds.  Ideal  aerodynamic  solutions  are  well  known,  but  they  involve  considerable 
variations  in  the  geometry,  eo  that  mechanical  complications  and  weight  usually  preclude  their  use 
in  practice.  The  problem  is  even  more  severe  if  there  are  two  nozzles  which  have  to  emerge  from  a 
fucdiage  with  cross  sections  determined  by  other  considerations .  Unless  the  nozzle  exits  are  well 
downstream  of  the  fin  and  tailplane,  possible  longitudinal  and  lateral  stability  changes  associated 
with  various  efi.iux  interference  effects  also  have  to  he  determined,  taking  into  account  the  opera¬ 
tion  of  nozzles  over  a  wide  range  of  pressures,  possible  changes  of  nozzle  geometry,  and  engine-out 
conditions. 

More  extensive  disousoions  of  such  problem  areas  can  he  found  elsewhere^).  Here,  we  shall 
illustrate  only  one  particular  aspect,  namely  the  effect  of  Jet  temperature  on  the  base  drag,  by 
referenoe  to  Reid's  teste(l8)  on  a  single  axisymmetric  nozzle  in  a  cylindrical  afterbody.  The 
results  in  Fig. 9  imply  that  the  jet  temperature  has  a  significant  effect  on  base  drag  at  high  sub¬ 
sonic  speeds  ■  0.9),  particularly  at  low  Jet  pressure-ratios  (Pj/Pco c  2)  with  the  convergent 
nozzle  (Mj  »  l),  when  wind-tunnel  measurements  with  unheated  jets  oan  give  unrealistically  high 
base  drags. 

7.  Concluding  Remarks 

This  brief  paper  has  not  attempted  to  review  the  status  of  aerodynamic  technology  for  oombat 
aircraft  design,  but  has  discussed  some  major  fluid-dynamios  problems  which  have  been  highlights 
by  experience  in  recent  applications  of  such  technology.  The  theoretical  and  experimental  tech¬ 
niques  already  available  oan  provide,  with  intelligent  and  critioal  application,  a  useful  basis 
for  preliminary  design  studies.  However,  to  meet  the  increasingly  stringent  performance  require¬ 
ments  and  multi-role  demands,  yet  still  minimise  aircraft  development  delays  and  costs,  further 
improvements  in  methods  for  aerodynamic  design  and  in  theoretical/ empirical  frameworks  for  aero¬ 
dynamic  predictions  are  essential.  Fortunately,  such  improvements  are  in  fact  possible,  though 
their  achievement  will  necessitate  substantial  research  investigations  involving  precise  wind- 
tunnel  and  flight  experiments  as  well  as  theoretioal  advances.  Moreover,  current  development  work 
on  speolflo  aircraft  projects  oan  also  be  profitably  directed  to  this  end,  at  the  same  time  as 
attempting  to  achieve  the  specified  aircraft  full-scale  behaviour  with  greater  certainty,  by 
pursuing  relevant  investigations  with  extreme  care,  choosing  model  test  changes  systematically 
from  an  'aimed  research  technology'  aspect  rather  than  merely  as  hopeful  'ad  hoo'  fixes. 


-  iVlrvi  i1  A* 
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Pig. 3  Weight  and  performance  comparison  variable  sweep  and  fixed  wing 
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SUMMARY 


The  primary  mission  requirements  of  an  air  superiority  fighter  are  reviewed  and  the  factors 
which  affect  performance  and  maneuverability  are  discussed.  The  aerodynamic  features  which  have 
a  strong  Influence  on  fighter  capability  are  indicated.  In  the  last  5  years  the  rapid  development 
of  numerical  solution  techniques,  using  the  digital  computer,  has  revolutionized  aerodynamic 
design  methods.  Future  generations  of  fighter  aircraft  will  have  improved  aerodynamic  design 
features  which  will  reduce  the  drag  due  to  lift  and  provide  improved  stability  at  high  angles  of 
attack  in  the  transonic  region. 

The  current  trend  toward  configurations  with  minimum  basic  aerodynamic  stability  and  extensive 
stability  augmentation  is  discussed  in  relation  to  the  handling  qualities  requirements  in  the  new 
USAF  Flying  Qualities  Specification,  MIL-F-8785B.  The  need  for  improved  aerodynamic  stability  is 
emphasized  and  some  of  the  current  flight  problems  of  supersonic  fighter  aircraft  are  described. 

It  is  shown  that  stability  augmentation  can  cause  adverse  effects  in  some  flight  regimes.  The 
analyses  and  test  programs  that  are  essential  before  an  aerodynamic  design  is  committed  to 
production  are  summarized. 


NOTATION 


Ax 

Az 

g 

T 

D 

W 

V 

R 

R/C 

« 

T 

q 

cL 

w/s 

i 


acceleration  along  flight  path  (ft/sec/sec) 

acceleration  normal  to  flight  path  (ft/sec/sec) 

acceleration  due  to  gravity  at  sea  level 

installed  thrust  (lb) 

total  aircraft  drag  (lh) 

gross  weight  (lb) 

speed  along  flight  path  (ft/sec) 

radius  of  turn  (ft) 

rate  of  climb  (ft/sec) 

rate  of  turn 

dynamic  pressure  (lb/sq  ft) 
lift  coefficient 
wing  loading  (lb/sq) 

flight  path  angle 

specific  excess  power  (FT/SEC) 
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FUTURE  ADVANCES  IN  THE 
AERODYNAMICS  OF  MILITARY  STRIKE  AIRCRAFT 

by 

Richard  H.  Klepinger 
John  W.  Carlson 
William  M.  Stout 


1.  INTRODUCTION 

The  history  of  fighter  aircraft  is  generally  dated  from  1  April  1915,  the  date  Roland  oarras  In 
his  Moralne-Saulnier  with  deflector  plates  on  the  propeller  blades  and  a  machine  gun  on  the  cowling 
shooting  through  the  propeller  disk  entered  combat.  The  life  of  this  configuration,  which  Introduced 
to  the  air  forces  of  the  world  the  tactics  of  fighter  warfare,  was  short.  It  however,  started  a 
crash  pmgram  by  all  participating  forces  to  design  increasingly  superior  fighter  aircraft.  These 
World  War  1  machines  established  basic  guide  lines  of  speed  and  maneuverability  which  have  remained 
the  prime  requisite  of  a  fighter  aircraft  for  these  past  fifty-four  years. 

2.  PERFORMANCE  AND  AERODYNAMIC  DESIGN 

What  are  the  really  important  performance  requirements  of  both  interceptor  and  air  combat  superi¬ 
ority  fighters?  First,  both  must  have  excellent  longitudinal  acceleration  capabilities  within  their 
flight  envelope.  Second,  mission  range  and  combat  time  must  be  sufficient  to  accomplish  the  area 
defense  mission.  Third,  the  aircraft  must  have  good  handling  qualities  throughout  the  mission 
envelope  and  very  good  to  excellent  qualities  in  the  combat  zone.  Fourth,  both  must  be  able  to 
effectively  employ  their  ordnance.  Within  these  general  performance  requirements,  many  important 
design  properties  such  as  wing  loading  and  thrust  loading  will  optimize  out  at  different  values  for 
the  two  types  of  aircraft.  Still  other  characteristics  such  as  wing  and  fuselage  aerodynamic  design 
may  have  many  similar  characteristics.  In  level  flight  the  available  longitudinal  acceleration,  A,,, 
is  given  by: 

In  the  case  of  the  interceptor,  time  to  minimize  enemy  penetration  is  critical.  To  minimize  the  time 
needed  to  cover  a  given  distance  the  aircraft  must  be  flown  in  a  manner  which  maximizes  A*  to  achieve 
its  maximum  speed  quickly.  It  must  also  climb  rapidly.  Here  again,  the  available  A*  is  important 
since : 

^x 
g 


It  is  obvious  that  an  interceptor  will  spend  much  of  its  time  at  low  lift  coefficients  where  induced 
drag  and  trim  drag  are  a  minimum.  Of  course,  any  technique  which  will  reduce  the  form  drag  and 
supersonic  wave  drag  will  be  important  to  this  type  of  aircraft.  The  air  superiority  fighter  depends 
primarily  upon  its  maneuvering  capability  for  combat  effectiveness,  assuming  other  important  charac¬ 
teristics  such  as  ordnance  effectiveness,  handling  qualities  and  structural  design  are  not  unduly 
compromised.  Maneuvering  capability  is  defined  as  the  ability  to  achieve  a  high  rate  of  turn  and  a 
small  radius  of  turn.  The  rate  of  turn  is  given  by: 


*  sin 


-1  T  -  D  ' 


sin-* 


>/c-(Lr£)vr(^)-  v 


(RAD. /SEC) 


Thus,  for  a  given  combat  speed,  Az  must  be  maximized  to  achieve  best  maneuverability.  In  terms  of 
wing  loading  and  lift  coefficient: 


In  the  process  of  reaching  high  lift  coefficients  induced  drag  and  trim  drag  quickly  become 
limiting  factors  for  a  given  thrurt  unless  the  aircraft  is  placed  in  a  dive  which,  of  course,  is  not 
an  acceptable  solution.  Wing  loading  can  be  minimized,  but  this  penalizes  range  and  payload  so  trade¬ 
offs  are  necessary.  Thus,  high  thrust  loadings  combined  with  a  high  ratio  of  Cj,/W/S  are  important 
for  the  air  superiority  fighter.  In  addition,  operational  experience  indicates  that  the  ability  to 
quickly  accelerate  from  subsonic  cruise  speeds  to  supersonic  speeds  ol  the  order  of  M  ■  1.5  is  quite 
important  to  achieve  a  favorable  energy  level  in  the  initial  stages  of  combat.  Here  again,  thrust 
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to  weight  ratio  is  the  dominant  parameter.  In  view  of  these  considerations  it  is  apparent  that 
thrust  to  weight  ratios  must  be  relatively  high  and  wing  loadings  should  be  moderate  to  achieve  a 
good  fighter.  Within  the  United  States  a  method  for  comparing  different  fighter  aircraft  on  the 
basis  of  their  "energy  maneuverability'  at  a  specific  speed,  altitude  and  load  factor  has  been  used 
quite  extensively.  Energy  maneuverability  is  simply  the  instantaneous  rate  of  climb  available  at  a 
specified  condition.  It  is  usually  defined  as,  Ps  "specific  excess  power". 


^1-  v  (Ft/Sec) 


Contours  of  constant  Ps,  such  as  shown  in  Fig.  1,  are  useful  in  illustrating  flight  regions  of 
superior  combat  potential  levels.  This  figure  shows  the  energy  maneuverability  levels  for  a  typical 
fighter  at  3  g  load  factor.  The  line  for  Ps  ■  zero  represents  the  upper  limit  at  which  the  aircraft 
can  fly  at  the  specified  load  factor  and  maintain  constant  altitude,  constant  speed  flight.  Positive 
values  of  P8  display  an  unused  potential  to  modify  the  flight  path  either  by  climbing,  accelerating 
or  increasing  the  load  factor.  Conversely,  negative  values  represent  application  of  a  loading  in 
excess  of  the  power  capabilities  of  the  aircraft;  the  aircraft  will  have  to  decelerate  or  descend  to 
maintain  flight  at  the  applied  load  factor.  It  is  apparent  that  when  two  competing  designs  are 
compared  at  the  same  load  factors  and  same  speed  and  altitude,  the  aircraft  with  the  greater  value  of 
P8  may  have  a  decided  combat  advantage.  It  is  also  rather  apparent  that  this  procedure  can  be  used 
as  a  design  tool  by  making  this  type  of  comparison  for  the  various  parameters  such  as  wing  loading 
and  thrust  loading. 

The  above  system  of  evaluating  designs  while  rapid  in  required  computer  time  and  simple  to  apply 
does  not  permit  a  detailed  study  of  several  features  of  the  proposed  design.  For  one  thing,  it  does 
not  show  what  amount  of  the  lift  potential  is  usable  in  steady  flight  or  whether  tail  power  (control) 
or  thrust  is  limiting  the  maneuver  potential.  However,  using  the  Ps  «  0  curves  for  the  various  load 
factors,  the  areas  of  influence  of  various  limits  can  be  identified.  Contours  of  P8  •  0  for  several 
load  factors  are  shown  on  Fig.  2  as  solid  lines.  Superimposed  arc  a  series  of  dashed  lines  which 
represent  maximum  possible  aerodynamic  load  factors.  Line  A  on  this  curve  defines  the  point  above 
which  at  any  particular  load  factor  excess  thrust  deficiency  (P8  »  0)  becomes  the  limiting  factor. 

Above  this  line  the  aircraft  can  temporarily  attain  higher  g's  through  increasing  angle  of  attack 
up  to  CLMax,  than  can  be  supported  by  excess  thrust.  The  region  between  P8  »  0  and  the  Cl^x  load 
factor  represents  a  negative  performance  potential  where  loss  of  speed  and  or  altitude  will  occur 
during  a  maneuver.  The  area  above  Mach  1.2  where  these  aerodynamic  load  factors  level  out  at  constant 

altitude  are  limited  by  tail  power  on  this  aircraft.  The  ability  of  the  aircraft  to  perform  constant 

altitude,  constant  speed  turns  is  essential  if  the  aircraft  is  to  be  capable  of  sustained  combat  with 
another  aircraft.  This  form  of  combat  can  result  from  pre-warning  of  the  enemy  aircraft  and/or 
armament  which  is  essentially  short  range  in  nature;  i.e.  infrared  seeking  missiles  or  gun  type 
weapons.  Weapons  of  this  type  force  the  attacking  aircraft  to  out-maneuver  the  opponent  in  order  to 
attain  a  desirable  tail  position.  In  this  area  the  target  aircraft  will  attempt  to  shake  off  the 

attacking  aircraft  by  diving  to  reach  aerodynamic  load  factors  in  excess  of  those  for  the  power  limit. 

For  a  short  period  the  need  Is  for  the  highest  g  and  therefor  the  smallest  radius  of  turn  possible  at 
a  given  speed  and  altitude.  Thus,  a  hard  maneuvering  relatively  long  duel  will  result.  To  engage  in 
such  combat  the  pilot  must  rapidly  acquire  the  opposing  machine  visually  during  the  fight  -  thus,  a 
visual  limit  must  be  Imposed.  Choosing  this  limit  as  6,000  ft  turning  radius;  one  nautical  mile,  we 
can  compute  and  overplot  this  radius  as  line  B  on  Fig.  2.  In  the  region  below  this  line,  sustained 
turns  equal  to  or  less  than  6,000  ft  radius  can  be  maintained.  The  aerodynamic  limit  of  the  aircraft 
would  permit  this  region  to  be  extended  to  line  c  if  thrust  was  not  a  limit.  The  energy  maneuvera¬ 
bility  technique  can  be  used  to  examine  the  general  effect  of  wing  loading  and  thrust  loading  on  the 
maneuverability  of  the  aircraft.  Fig.  3  compares  the  Ps  ■  0  contours  for  two  fighter  aircraft  with 
significantly  different  wing  loadings.  This  plot  indicates  a  definite  enlargement  of  the  combat 
envelope  bounded  by  the  6,000  ft  constant  state  visibility  limit  for  the  light  wing  loading  over  the 
heavier  aircraft.  The  thrust  levels  of  these  two  machines  has  been  adjusted  to  provide  equal  values 
of  thrust  loading  for  each. 

A  similar  comparison  for  different  thrust  loading  at  constant  wing  loading  is  presented  in  Fig.  A. 
In  this  case  a  given  aircraft  was  used  and  thrust  rating  changed  by  adjusting  thrust  levels.  Again 
the  larger  or  superior  envelope  coexists  with  the  higher  thrust  loading.  However,  it  is  to  be  noted 
that  to  make  significant  gains  in  the  steady  state  combat  arena;  which  is  subsonic,  large  thrust 
increases  are  required. 

The  conclusion  that  can  be  drawn  from  these  two  curves  is  that  the  superior  fighter  for  maneuver¬ 
ability  purposes  will  emphasize  the  lightest  possible  wing  loading  and  the  highest  possible  thrust 
loading  commensurate  with  constraints  of  fuel  and  accuracy  equipment  such  as  avionics  required  to 
perform  the  total  penetration  combat  mission. 

Fig.  5  shows  the  C^x,  versus  Mach  number  capability  of  this  aircraft  with  onset  of  buffet 
indicated.  If  the  aircraft  experiences  buffeting,  the  induced  vibration  may  degrade  the  crews  ability 
to  track  the  target.  Fig.  6  depicts  the  aerodynamic  load  factor  for  onset  of  buffet.  Comparing  the 
6,000  ft  radius  of  turn  steady  state  limit  on  this  plot  with  that  in  Fig.  2  it  will  be  noted  that  a 
requirement  to  avoid  buffeting  further  degrades  the  altitude/velocity  envelope  for  sustained  combat. 
Some  of  the  current  experimental  techniques  used  to  predict  buffet  onset  are  shown  on  Fig.  7. 
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The  problem  of  developing  airfoils  and  devices  to  delay  buffet  onset  is  presently  the  subject  of 
considerable  study  and  research  In  NASA  and  the  USAF.  A  review  of  available  test  data  Indicates  that 
cambered  airfoils  usually  show  a  somewhat  higher  Cj_  for  buffet  onset  than  non-cambered  airfoils  of 
the  same  thickness  ratio.  Fig.  8  shows  the  results  of  flight  tests  conducted  in  1968  to  Investigate 
the  existence  of  possible  favorable  effects  of  flaps  on  the  buffet  onset  of  a  USAF  fighter  bomber  the 
F-105D.  That  this  improvement  is  basically  due  to  control  of  flow  separation  is  supported  by  the 
finding  that  a  drag  reduction;  expressing  Itself  as  a  range  increase,  could  be  achieved  by  optimizing 
LE  and  TE  flap  positions.  Fig.  9  shows  the  results  of  using  various  leading  edge  flap  positions  to 
reduce  the  drag  of  the  F-105  aircraft.  Drag  reductions  of  the  order  of  12%  were  obtained  with  8  deg. 
leading  edge  flap. 

The  importance  of  maximizing  thrust  to  weight  and  the  ratio  of  useable  lift  coefficient  to  wing 
loading  has  been  shown.  Increasing  these  ratios,  unfortunately,  can  rapidly  lead  to  very  large 
engines,  large  fuel  requirements  and  heavy  structural  weight  all  of  which  rapidly  degrade  combat 
radius  of  action  and  result  in  a  very  large  aircraft.  Possibly,  structural  designers  will  provide 
some  relief  to  the  weight  spiral  through  the  use  of  high  strength  to  weight  materials,  such  as  boron 
composites,  In  our  future  aircraft.  Considerable  research  is  underway  in  the  US  on  these  and  similar 
materials  and  we  can  expect  their  Increased  use  in  the  future.  In  order  to  obtain  large  Improvements 
in  maneuverability  and  enlarge  the  transonic  combat  zone  we  must  look  to  improved  aerodynamic  con¬ 
figurations  as  well  as  higher  thrust  to  weight  ratios.  What  advancements  can  we  expect  from  our 
current  research  programs? 

Considerable  progress  has  been  made  in  the  last  five  years  in  the  aerodynamic  design  of  supersonic 
aircraft.  Some  of  the  latest  design  techniques  to  come  from  this  research  were  described  in  a  1968 
American  Institute  of  Aeronautics  and  Astronautics  Paper  (1)  by  D.  D.  Baals,  A.  W.  Robins  and 
R.  V.  Harris,  Jr.  of  the  NASA,  Langley  Research  Center.  These  advances  have  come  about  largely 
through  the  rapid  development  of  computerized  numerical  techniques  which  permit  the  solution  of  wing 
and  body  shapes  with  low  supersonic  wave  drag  and  optimized  lift  distributions  for  minimum  induced 
drag.  The  electronic  digital  computer  has  made  it  possible  to  Implement  these  design  techniques  and 
has  literally  started  a  revolution  in  aerodynamic  design.  Work  is  now  in  progress  to  extend  some  of 
these  methods  into  the  subsonic  area  (2).  With  further  improvement,  these  new  techniques  may  be  used 
to  optimize  the  complete  aircraft  configuration,  including  such  components  as  inlets,  nacelles, 
external  stores,  and  exhaust  nozzles. 

Significant  advances  in  supersonic  wave  drag  optimization  procedures  have  been  recently  made  by 
Harris  of  NASA  Langley  based  on  the  theoretical  approach  published  by  G.  N.  Ward  in  the  United  Kingdom 
in  1955  (3).  The  numerical  technique  developed  by  Harris  provides  a  direct  solution  of  the  fuselage 
required  for  minimum  wave  drag  at  supersonic  speeds  for  a  complete  configuration.  This  technique  is 
illustrated  in  Fig.  10.  The  left  plot  shows  the  average  cross-sectional  area  distribution  for  a  typi¬ 
cal  complete  aircraft  configuration  with  a  cylindrical  fuselage  compared  to  a  body  with  minimum  wave 
drag.  The  plot  on  the  right  shows  the  cross-sectional  area  for  a  fuselage  designed  by  this  technique 
to  provide  the  minimum  drag.  The  method  considers  any  number  of  restraint  points  on  the  fuselage.  The 
computer  locates  the  restraint  points  on  the  average  equivalent  body  area  distribution  for  the  com¬ 
plete  configuration  and  solves  for  the  minimum  wave  drag  shape  through  the  restraint  points.  The 
shaded  region  shows  the  area  which  must  be  added  or  substracted  from  the  original  cylindrical  fuselage 
to  define  the  optimum  body  shape.  Some  typical  calculated  results  obtained  are  shown  in  Fig.  11. 

The  lower  bound  curve  shows  the  minimum  drag  that  would  be  predicted  using  the  same  three  restraint 
points  shown  on  Fig.  10  for  this  complete  configuration.  Also  shown  is  the  drag  with  the  cylindrical 
fuselage  and  two  other  cases,  one  fuselage  design  for  M  ■  1.5  and  one  for  M  ”  2.5. 

Considerable  progress  has  also  been  made  in  the  development  of  numerical  techniques  to  define 
wing  planforms  and  camber  distributions  which  will  provide  minimum  drag  due  to  lift  at  a  given  design 
lift  coefficient  (4).  Usually  the  wing  is  divided  up  into  an  array  of  small  elements  (500  to  1000) 
wherein  the  surface  slopes  are  specified  and  resulting  lifting  pressures  are  calculated  by  following 
a  precise  routine  starting  with  the  front  segments  and  working  toward  the  rear.  These  new  techniques 
offer  the  capability  of  calculating  the  chordwise  and  spanwise  load  distribution  for  arbitrary  plan- 
forms,  with  variable  camber  and  twist  or  can,  conversely,  calculate  the  camber  and  twist  distribution 
needed  to  realize  a  given  load  distribution.  Thus,  optimized  loadings  can  be  developed  for  specific 
design  conditions  and  for  wing  planforms  which  are  optimized  for  mission  requirements.  One  very  real 
benefit  which  these  new  computer  techniques  bring  to  the  designer  is  the  ability  to  examine  many 
different  wing  geometries  and  to  develop  configurations  which  have  small  aerodynamic  center  movement 
and  low  trim  moments  at  supersonic  speeds. 

The  capability  of  integrating  the  wing  and  body  for  optimum  aerodynamic  characteristics  is  now 
available  using  the  wave  drag  and  drag  due  to  lift  computer  programs.  Recently,  considerable  progress 
has  been  made  in  extending  the  programs  to  include  the  effects  of  canard  and  horizontal  tail  surfaces. 
Another  recent  addition  to  the  lifting-surface  programs  provides  for  optimization  of  the  wing  camber 
surface  in  the  presence  of  Interference  flow  fields  due  to  nacelles  or  external  stores.  Robert  Mack 
of  NASA  Langley,  has  recently  developed  a  numerical  procedure  for  determining  the  wing  slope  changes 
required  to  remove  various  fractions  of  the  interference  lift  created  by  these  flow  fields  and  has 
examined  the  resulting  increments  in  drag  due  to  lift  and  pitching  moment  at  zero  lift  (5). 

These  techniques  offer  the  designer  new,  more  efficient  tools  to  properly  integrate  the  complete 
configuration  into  an  optimum  aerodynamic  shape.  The  capability  for  computer  generated  drawings 
provides  additional  flexibility  to  check  for  input  errors  to  the  numerical  programs  and  to  refine 
the  configuration  in  local  areas.  Once  the  numerical  model  has  been  specified  in  sufficient  detail 
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It  becomes  a  simple  step  for  the  computer  to  print  out  component  surface  wetted  areas,  cross-sectional 
area  cuts  and  reference  lengths. 

These  refined  design  methods  are  verv  useful  additional  tools  which  permit  rapid  evaluation  of 
the  effects  of  many  configuration  variables  on  mission  and  operational  capabilities.  They  serve  to 
narrow  the  broad  spectrum  of  configuration  geometry  to  the  favorable  candidates.  We  can  expect  that 
increased  computer  capacity  will  soon  make  it  practical  to  combine  many  separate  programs  into  a 
computer  complex  which  will  analyze  such  factors  as  propulsion  performance,  structural  design  and 
weight,  aeroelastic  properties,  and  complete  load  distributions  on  specific  aerodynamic  configurations. 
Truly  a  revolution  in  aerodynamic  design  is  occurring  and  the  old  component  build-up  methods  are 
rapidly  vanishing  from  the  scene. 

Another  area  in  which  we  can  expect  improved  aerodynamic  design  is  in  the  development  of  optimized 
airfoil  sections  to  Increase  drag  divergence  and  buffet  limits  at  high  subsonic  speeds.  Much  of  the 
current  research  on  improved  airfoils  is  based  on  the  early  work  of  H.  H.  Pearcy  in  England  (6).  His 
basic  idea  was  to  contour  the  leading  edge  to  rapidly  expand  the  flow  from  the  stagnation  point  and 
generate  supersonic  speeds  over  the  nose  region.  The  expansion  waves  created  are  reflected  as  a 
series  of  compression  waves  from  the  sonic  line.  The  compression  waves  gradually  reduce  the  local 
flow  Mach  number  and  decrease  the  shock  and  separation  losses  on  the  upper  surface.  The  resulting 
pressure  distribution  has  a  marked  peak  near  the  leading  edge  which  gave  the  name  "Peaky  Airfoil"  to 
this  design. 

Another  approach  has  been  under  development  by  Dr.  Whitcomb  at  NASA.  He  has  developed  a  camber 
distribution  which  reduces  the  adverse  pressure  gradients  over  the  upper  surface  which  are  due  to 
angle  of  attack.  His  airfoil  is  contoured  to  carry  more  of  the  lift  over  the  rear  portion  and  less 
over  the  forward  section.  Wind  tunnel  tests  have  been  quite  favorable  and  flight  test  of  a  US  Navy 
F-8  fighter  with  a  new  wing  designed  by  Dr.  Whitcomb  are  planned  in  the  next  2  or  3  years. 

Although  these  new  airfoil  sections  have  been  designed  primarily  for  wings  of  moderate  thickness 
ratio,  such  as  used  on  subsonic  transport  aircraft,  there  is  a  good  possibility  that  the  same  princi¬ 
pals  will  apply  to  thinner  supersonic  wings.  In  this  case  the  desired  chordwise  lift  distribution 
will  be  obtained  by  using  leading  and  trailing  edge  flaps  to  provide  the  right  amount  of  camber  at 
each  flight  condition.  The  use  of  boundary  layer  control  or  a  jet  flap  also  appears  quite  promising 
to  reduce  the  shock  losses  at  high  subsonic  and  transonic  speeds. 

The  digital  computer  has  become  an  essential  tool  to  develop  optimum  aerodynamic  configurations, 
but  the  wind  tunnel  will  remain  the  real  workhorse  for  the  designer  within  the  foreseeable  future.  In 
fact,  we  have  seen  greatly  increased  use  of  high  subsonic,  transonic  and  supersonic  tunnels  on  our  new 
designs.  The  tailoring  of  any  new  configuration  requires  extensive  testing  since  the  successful  inte¬ 
gration  of  the  complete  configuration,  airframe,  inlet  and  exhaust  nozzles  is  beyond  the  capabilities 
of  our  current  generation  of  computers.  In  addition,  analytical  methods  are  not  now  available  to 
handle  the  complex  flow  Interactions  in  the  vicinity  of  the  inlet  and  exhaust  nozzles.  Airframe-pro¬ 
pulsion  compatibility  and  integration  remains  as  one  of  our  most  complex  problems  but  one  which  must 
be  completely  solved  to  achieve  an  optimum  fighter  design. 

3.  STABILITY  AND  CONTROL 

The  preceding  sections  of  this  paper  have  been  devoted  to  those  design  characteristics  which  are 
necessary  in  a  fighter  design  to  provide  superior  performance,  range,  speed,  climb  and  maneuvering 
ability.  It  is  now  necessary  to  discuss  the  equally  important  requirements  from  the  standpoint  of 
stability  and  control.  A  discussion  of  stability  and  control  must  include  a  discussion  of  flying 
qualities.  Stability  and  control  is  such  a  major  contributor  to  flying  qualities  that  both  must  be 
included  in  a  discussion  of  either  one.  Other  disciplines  which  also  affect  flying  qualities  such  as 
flight  control,  instruments,  display,  and  structures  will  not  be  included  here.  Some  discussion  of 
the  use  and  impact  of  stability  augmentation  is  presented  but  only  with  the  view  of  itc  relationship 
to  flying  qualities;  not  as  to  design  techniques  or  design  philosophy. 

When  flying  qualities  problems  occur  that  are  basically  due  to  stability  and  control  deficiencies 
they  are  frequently  treated  or  overpowered  by  working  on  one  of  the  other  technical  disciplines  since 
it  may  be  more  expedient  to  do  that  than  to  correct  the  basic  deficiency.  As  a  result,  there  has  not 
been  an  appreciable  advance  in  the  pure  stability  and  control  world  of  derivatives,  areas,  and  moments 
which  configuration  variations  such  as  shape,  size  and  placement  of  aircraft  components  will  affect. 

If  anything  the  solution  of  flying  qualities  problems  by  stability  and  control  means  has  been  avoided 
or  sublimated  to  satisfy  the  demands  of  more  performance  and  less  weight.  It  must  be  left  to  the 
reader '8  experience  to  Judge  what  the  failure  to  fully  identify  and  solve  the  real  problems  has  done 
to  system  complexity,  reliability,  and  maintainability  in  addition  to  the  situations  encountered  in 
flight. 

The  air  superiority  fighter  must  be  efficient  over  a  wide  range  of  speeds  and  altitudes.  Having 
the  capability  of  being  highly  maneuverable,  or  the  ability  to  reach  and  maintain  high  load  factors 
and  high  angles  of  attack,  is  not  sufficient  in  itself.  The  aircraft  must  be  able  to  respond  to 
the  pilot's  needs.  It  must  be  a  steady,  or  stable1,  aiming  platform,  it  must  readily  change  attitude 
to  respond  to  the  meneuvers  of  the  target  or  to  avoid  becoming  an  easy  target.  In  other  words,  it 
is  not  enough  for  the  airplane  just  to  get  to  the  fighting  area  and  situation.  It  also  must  do  some¬ 
thing  and  do  it  well  once  it  is  there  to  be  an  effective  weapon.  Stability  and  control  is  the  means 
by  which  these  demands  are  met  and  the  means  by  which  weapon  effectiveness  often  depends. 
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As  obvious  as  these  things  are  they  are  frequently  disregarded  early  in  the  design  due  to  the 
emphasis  on  performance.  Good  flying  qualities  are  a  3umed  during  the  early  stages  at  just  the  time 
when  the  aerodynamic  designs,  which  could  assure  them,  are  being  prepared  under  the  low  drag-high 
performance  syndrome.  In  addition,  during  the  design  phase,  the  concentration  has  been  on  level 

flight  capabilities  in  calm  air,  i.e.,  the  ideal  world,  with  the  tests  and  analysis  concentrated  on 

this  type  of  flight.  Due  to  this  concentration  it  is  not  until  operational  and  service  experience 
are  obtained  that  it  is  found  that  stability  and  control  problems  exist  which  are  serious  enough  to 
affect  the  safety  as  well  as  the  usability  of  an  airplane.  When  such  situations  occur  the  emphasis 
is  no  longer  on  performance  and  the  user  gladly  gives  up  a  few  knots  of  speed  or  miles  of  range  in 
exchange  for  a  safe  and  usable  airplane.  A  balanced  design  which  considers  all  the  flight  conditions 
in  which  operation  is  intended  and  has  the  full  confidence  of  the  pilot  will  be  more  useful  and 
successful  than  many  past  aircraft. 

Since  the  primary  method  of  changing  the  stability  characteristics  of  today's  aircraft  is  by  the 
use  of  stability  augmentation  systems  it  is  proper  to  mention  this  area  first.  By  stability  augmen¬ 
tation  systems  we  mean  the  equipment  which  changes  the  "bare  airframe"  characteristics  by  means  of 

automatic  feedback  systems.  In  some  cases  this  trend  has  gone  too  far  and  the  pilot,  the  airplane, 

and  the  mission,  would  all  be  better  served  if  more  bare  airframe  stability  were  incorporated  into  the 
design.  We  are  not,  however,  advocating  the  elimination  of  stability  augmentation  systems.  Augmen¬ 
tation  can  often  do  a  necessary  job  efficiently  and  with  less  penalty  than  can  some  other  means.  The 
whole  point  is  to  arrive  at  a  better  balance  betwee  i  airframe  and  augmentation.  The  remainder  of 
this  section  of  the  paper  will  discuss  some  of  the  stability  and  control  aspects  that  should  be  con¬ 
sidered  when  arriving  at  the  balanced  design. 

The  augmentation  systems  in  use  today  arc  more  extensive  operation,  complexity,  and  number 
than  their  original  counterparts  of  20  years  ago.  Their  fun: .Lon,  however,  is  primarily  the  same, 
i.e.,  improve  stability  and  control  characteristics.  Also  unchanged  is  the  flight  region  in  which 
this  improvement  is  to  occur  and  where  design  emphasis  is  placed.  Stability  augmentation  systems 
are  primarily  designed  to  improve  the  airplane's  characteristics  in  level  flight  or  in  the  landing 
approach.  The  analyses  are  conducted  for  steady  equilibrium  conditions  of  flight.  The  most  frequent 
conditions  which  determine  augmentation  system  design  are  straight  and  level  flight,  constant  altitude 
turns,  and  rolls  at  constant  rate.  There  is  some  sense  in  this  for  even  fighter  aircraft  spend  a 
considerable  portion  of  their  time  in  or  near  level  flight  and  then  go  through  a  landing  approach  at 
least  once  per  flight.  They  also  turn  and  roll  though  not  often  at  constant  altitude  or  constant  rate. 
But  fighter  missions  are  not  Intended  to  be  conducted  primarily  in  level  flight  or  constant  anything 
and  in  the  course  of  training  and  combat  there  are  a  great  many  unusual  attitudes  or  maneuvers  encoun¬ 
tered  which  are  not  fully  considered  during  augmentation  design.  The  result  of  not  considering 
extreme,  but  often  necessary,  maneuvers  is  either  an  unsatisfactory  airplane  or  a  restricted  airplane; 
neither  situation  is  acceptable.  Often,  during  such  maneuvers  the  augmentation  system  will  oppose  the 
pilot's  commands  or  provide  a  control  motion  that  will  cause  the  airplane  to  get  into  trouble. 

The  stall  and  spin  situation  is  one  area  where  the  augmentation  system  can  provide  problems. 

There  are  current  fighter  aircraft  where  the  pilot  is  instructed  to  turn  off  the  roll  damper  at  high 
angles  of  attack  to  aid  in  preventing  spin  entry  and  to  insure  spin  recovery.  This  occurs  because  the 
roll  damper  attempts  to  hold  the  wings  level  during  the  stall  which  results  in  frequent  aileron  motions. 
In  addition  to  a  disconcerting  wing  rock,  the  continued,  frequent  aileron  deflections  on  a  swept  wing 
aircraft  may  induce  adverse  yaw  and  pro-spin  yawing  moments.  To  avoid  this  the  pilot  must  remember 
to  turn  off  the  roll  damper  at  high  angle  of  attack.  In  training  or  in  combat  this  situation  is 
clearly  unsatisfactory  since  he  will  be  very  busy  doing  other  things  relating  to  the  mission  and 
should  not  be  expected  to  perform  this  switching  at  critical  moments.  Of  course  he  must  also  remember 
to  turn  the  damper  on  once  he  recovers  from  the  maneuver  or  returns  to  level  flight.  During  spins 
augmentation  systems  have  resisted  pilot  recovery  efforts  by  opposing  the  pilot  control  Inputs  and 
reducing  the  control  available  for  recovery.  In  some  aircraft  this  can  prevent  the  recovery.  To 
avoid  this,  pilots  are  instructed  to  turn  off  all  augmentation  before  attempting  recovery. 

Other  non-level  flight  maneuvers  have  been  hampered  by  stability  augmentation.  Some  of  the 
tactics  taught  to  fighter  pilots  require  steep  climbing  turns  and  such  maneuvers  are  known  to  re¬ 
quire  the  pilot  to  use  a  significant  amount  of  aileron  to  counteract  the  roll  damper  input  which  is 
opposing  the  steady  state  rolling  motion  of  the  turn.  As  a  result  of  this  and  other  problems  Involving 
the  airplane-pilot-augmentation  system,  it  has  been  determined  through  interviews  that  veteran  fighter 
pilots  frequently  turn  off  all  of  their  augmentation  devices  when  in  combat  or  combat  training.  This 
is  an  ironic  situation  since  the  augmentation  is  provided  to  improve  the  airplane  and  give  the  pilot 
a  better  combat  vehicle  whereas  the  pilots  actually  feel  that  it  detracts  from  the  airplane's  capa¬ 
bilities  during  combat.  This  is  due,  again,  to  the  fact  that  augmentation  is  not  designed  with  con¬ 
sideration  of  the  maneuvers  and  attitudes  of  combat  situations.  True,  these  attitudes  are  encountered 
a  small  percentage  of  the  flight  time,  but  these  are  the  times  the  airplane  is  doing  its  intended 
mission  so  the  importance  of  this  percentage  is  quite  high. 

The  obvious  conclusion  here  is  that  augmentation  systems  are  not  doing  their  intended  job  and 
often  detract  from  or  worsen  the  unaugmented  or  bare  airframe  characteristics.  Since  the  bare  air¬ 
frame  characteristics  themselves  have  been  judged  inadequate  so  that  augmentation  is  necessary,  the 
pilot  is  not  being  provided  with  the  airplane  that  he  should  have.  A  great  deal  of  work  is  needed 
here  if  augmentation  is  to  do  what  it  is  supposed  to  do  and  do  it  at  all  flight  conditions.  In  any 
event  we  should  always  examine  these  extreme  flight  conditions  to  determine  how  to  provide  the  needed 
flying  qualities  which  may  not  always  be  most  efficiently  obtained  via  augmentation. 

It  has  probably  been  noted  that  all  the  problems  with  augmentation  systems  discussed  above 
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occurred  at  low  speed  and  It  may  be  said  that  a  fighter,  with  propulsion,  configuration,  structure, 
and  systems  all  emphasizing  transonic  and  supersonic  speeds  should  not  be  compromised  by  low  speed 
problems.  In  actual  fact,  low  spee^  characteristics  and  capabilities  are  usually  the  key  to  a 
successful  fighter.  Regardless  of  the  speed  at  which  combat  starts  continued  maneuvering  and  fre¬ 
quent  high  load  factor  exposure  quickly  result  in  the  aircraft  arriving  at  low  speed  flight.  The  same 
1*  true  of  air  to  ground  weapon  delivery  where  repeated  delivery  passes  are  made  and  the  aircraft  must 
maneuver  in  the  target  zone  to  avoid  losing  the  target.  Low  speed  maneuvering  is  emphasized  in 
training  so  low  speeds  are  encountered  frequently  in  the  modern  fighter.  Stall  warning  speeds  and 
unfortunately  stalls  are  not  an  uncommon  occurrence  on  our  fighters  today  so  it  is  extremely  pertinent 
to  consider  the  low  speed  regime  and  to  rank  it  at  least  equal  in  importance  to  the  high  speed 
areas  which  already  receive  so  much  emphasis. 

Even  though  low  speeds  and  extreme  maneuvers  and  attitudes  are  emphasized  in  training  and  in 
operation  they  are  not  emphasized  in  design.  Wind  tunnel  testing  is  seldom  done  past  the  stall 
angle  of  attack  and  even  less  often  are  combined  high  angle  of  attack-high  angle  of  sideslip  data 
obtained.  It  should  be  a  standard  part  of  any  new  fighter  plane  design  and  development  program  to 
obtain  wind  tunnel  stability  and  control  data  at  angles  of  attack  up  to  90°  and  at  sideslip  angles 
up  to  45°  .  These  data  should  then  be  used  to  determine  stall,  post  stall,  spin,  and  spin  recovery 
characteristics.  These  large  amplitude,  non-linear  situations  can  now  be  attacked  for  analysis 
purposes  by  the  computer  so  the  data  can  be  used.  The  need  for  such  analysis  is  established  due  to 
the  frequent  occurrence  of  low  speed  maneuvers  near  or  at  the  stall,  the  more  than  occasional 
encounter  with  the  spin  and  the  difficulties  encountered  with  spin  recovery. 

When  such  characteristics  are  determined  perhaps  it  will  prevent  the  acceptance  of  such  high 
angle  of  attack  characteristics  as  those  shown  in  Fig.  12.  Note  that  the  directional  stability 
parameter,  Cg^,  becomes  unstable  and  the  lateral  stability  parameter,  Cj*,  experiences  a  noticeable 
reduction  at  close  to  the  stall  angle  of  attack.  These  characteristics  were  not  discovered  until 
after  aeveral  years  of  flight  experience  and  many  reported  stall  problems  required  an  extensive 
examination  of  the  airplane's  aerodynamics. 

In  addition  to  providing  the  data  necessary  to  analyze  the  low  speed  characteristics  where  so 
many  problems  have  occurred  and  where  fighter  aircraft  are  repeatedly  operated,  this  information  will 
also  make  it  possible  to  make  decisions  on  augmentation  systems.  As  was  pointed  out,  present  augmen¬ 
tation  systems  are  not  designed  to  cope  with  low  speed,  large  attitude  flight.  Perhaps  it  would  not 
be  efficient  to  have  augmentation  do  this  Job  if  the  control  authorities  required  plus  the  added 
weight  and  complexity  were  added  to  those  already  used  by  augmentation  system.  It  may  turn  out,  if 
sufficient  emphasis  is  placed  on  the  problem,  that  aerodynamic  or  basic  airframe  changes  are  the  best 
way  of  obtaining  good  stability  and  control  characteristics.  There  have  been  some  initial  indications 
that  this  might  be  true  but  these  are  so  preliminary  and  so  limited  that  this  should  not  be  taken  as 
a  conclusion.  However,  it  is  worthy  of  detailed  examination  to  determine  the  design  possibilities. 

The  jet  engine  has  provided  the  fighter  aircraft  with  a  load  carrying  capacity  much  greater  than 
the  airplane  can  efficiently  absorb  internally.  The  result  can  be  seen  on  fighter  aircraft  throughout 
the  world  by  noting  the  vast  number  of  external  stores  that  are  carried.  But  stability  and  control 
characteristics  during  the  design  process  are  still  being  determined  primarily  by  considering  a  clean 
airplane,  l.e.,  one  without  external  stores.  Many  of  these  stores,  either  due  to  their  shape  or  their 
location  on  the  wing,  result  in  severe  stability  and  control  problems  (Fig.  13).  An  earlier  consid¬ 
eration  of  stores  and  their  effects  is  needed  -  needed  during  design.  Certainly,  it  is  neither  feasi¬ 
ble  or  possible  to  consider  all  stores  and  their  combinations  for  many  stores  are  designed  after  an 
airplane  is  in  service.  But  some  consideration  of  representative  stores  and  loadings  is  desirable 
and  possible.  This  may  affect  the  balance  of  the  aircraft  and  the  design  of  the  flight  control  system 
even  if  no  basic  configuration  and  stability  changes  are  needed.  Certainly,  it  is  not  sensible  to 
ignore  the  military  payloads  during  the  design. 

Another  external  store  design  consideration  is  that  of  store  asymmetry.  It  is  not  unconsson  to 
drop  stores  in  such  a  way  as  to  result  in  temporary  asymmetries  until  another  pass  can  be  made. 

There  have  been  situations  where  ejector  rack  failures  have  resulted  in  unintentional  asymmetries. 
Frequently,  these  situations  result  in  severe  control  problems  because  they  were  not  given  proper 
attention  during  the  design  phase. 

Early  design  consideration  must  be  given  to  the  interaction  between  stability  and  control  and 
structures.  There  are  too  many  Instances  of  severe  structural  problems  developing  as  the  result  of 
stability  and  control  problems  or  deficiencies.  These  stability  deficiencies  have  allowed  aircraft 
to  attain  flight  attitudes  that  were  outside  the  structural  design  envelope.  Structural  failures 
have  occurred  due  to  pitch-up,  Inertia  coupling,  and  directional  instability  at  high  Mach  numbers. 

When  such  problems  occur  they  either  result  in  added  structural  weight  to  withstand  the  loads  or  in 
restrictions  in  speed  and  maneuverabillt} ,  or  both,  which  is  undesirable. 

One  fighter  aircraft  with  a  T-Tall  is  stable  with  increasing  angle  of  attack  until  the  horizontal 
tail  encounters  wing  downwash.  The  airplane  then  becomes  unstable  as  shown  in  Fig.  14.  This  problem 
was  encountered  on  an  iustrumented  flight  test  during  an  abrupt  pull-up  to  80%  of  the  design  limit 
load  factor;  however,  the  airplane  pitched  up  and  experienced  loads  in  excess  of  the  80%  limit.  Later 
analyses  ahowed  that  the  airplane  could  go  unstable  at  high  angles  of  attack  and  that  the  resulting 
structural  loads  would  destroy  it.  Even  though  some  control  fixes  were  added  strengthening  of  the 
forward  fuselage  was  required  to  absorb  the  added  loads. 

What  to  do  about  turbulence  is  still  not  clear.  A  fighter  plane  with  its  high  load  fsetor  capa- 
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blllcles  should  not  suffer  from  simple  aeroeleatlc  deflections  from  turbulence  so  the  stability 
derivatives  should  not  be  degraded  due  to  aeroelastlclty .  But  there  are  other  effects  and  these  should 
be  Investigated.  Exactly  how  to  make  the  investigations  and  the  specific  levels  and  details  of  the 
turbulence  that  should  be  used  are  not  known  at  this  time.  It  Is  clear  that  turbulence  can  change 
the  rigid  body  characteristics  and  can  result  In  augmentation  saturation.  Therefore,  the  designer 
cannot  fully  complete  his  job  without  some  thought  .and  analysis  of  what  turbulence  will  do  to  his  air¬ 
plane.  Similar  analyses  are  already  required  for  the  structural  design  and  the  need  is  equally 
applicable  to  the  stability  and  control  designs.  It  is  the  same  turbulence  and  even  though  It  is 
looked  at  from  a  different  point  of  view  the  goals  are  the  same. 

The  problems  and  some  short  comings  of  stability  augmentation  systems  have  been  discussed  previ¬ 
ously  and  whether  or  not  augmentation  is  the  best  way  to  solve  these  problems  was  mentioned.  It  was 
Just  low  speed  problems  that  were  being  considered  when  It  was  noted  that  perhaps  airframe  stability 
should  be  given  more  consideration.  This  is  not  to  say  that  we  do  not  believe  In  closed  loop  type 
augmentation  devices.  We  feel  that  augmentation  performs  an  essential  and  valuable  function  for  the 
supersonic,  wide  altitude  range  fighter.  But  again,  the  design  must  be  one  of  balance  between  air¬ 
frame  stability  and  control  and  augmantatlon  stability  and  control  and  In  obtaining  the  balance  the 
designs  must  fully  consider  the  effects  of  failures. 

The  problem  of  failure  has  been  with  us  for  a  little  more  than  20  years,  or  since  the  beginning 
of  the  use  of  augmentation.  Hard  over  failures  have,  after  seme  agony,  been  pretty  well  eliminated 
by  redundancy  but  passive  failures,  partial  failures,  and  complete  failures  are  still  with  us  and 
probably  always  will  be;  hopefully,  to  a  lesser  degree  with  time.  Decisions  are  extremely  difficult 
in  this  area  for  trade-offs  in  drag  and  weight  effects  on  performance  must  be  made  against  complexity, 
maintenance  problems,  and  failure  situations.  Augmentation  systems  which  do  provide  against  disastrous 
failures  and  continue  to  be  effective  after  some  failures  are  necessarily  sophisticated  and  complex. 
Complexity  leads  to  maintenance  problems  and  problems  of  getting  the  equipment  to  work  properly  and 
keeping  It  working  in  the  operational  environment.  Historically,  these  devices  never  seem  to  fulfill 
the  reliability  predictions  made  for  them;  however,  this  Is  not  the  place  to  become  involved  in 
reliability  prediction  arguments.  The  designer  must  be  aware  that  if  a  failure  can  occur  it  will 
occur  and  some  design  attention  must  be  given  to  the  analysis  of  all  possible  failures.  This  has 
been  done  quite  successfully  in  several  Instances  in  the  U.S.  and  we  are  striving  to  see  that  it 
continues.  The  emphasis  to  be  placed  on  all  various  failures  Is  the  designer's  dilemma.  Some  will 
be  so  remote  as  to  receive  almost  no  consideration.  Others  will  be  more  probable  and  must  be  capable 
of  being  overcome  by  one  means  or  another  if  the  mission  is  to  be  continued.  The  great  mass  of 
failures  is  usually  between  these  two  extremes  and  each  must  be  thoroughly  examined  not  only  to 
determine  its  effect  on  the  stability  and  control  of  the  airplane  but  to  also  ascertain  its  effect 
in  conjunction  with  other  failures.  Again,  as  has  been  stated  many  times  before,  the  extreme  flight 
conditions  should  be  thoroughly  examined  along  with  the  level  flight  when  assessing  failure  effects. 

The  recent  total  revision  to  the  U.S.  military  flying  qualities  specification  MIL  F-8785B  (Ref. 7) 
treats  some  of  these  problem  areas.  The  total  mission  is  separated  into  flight  phases  where  a 
particular  general  task  or  objective  will  take  place  such  as  weapons  delivery  or  cruise  or  power 
approach.  This  enables  the  designer  to  look  at  individual  portions  of  the  mission  and  emphasize 
those  that  are  important  to  his  airplane.  For  the  strike  fighter,  the  air-to-air  combat  and  ground 
attack  phases  would  be  the  most  important,  for  that  is  the  job  the  aircraft  is  designed  to  do.  Also, 
to  be  included  when  tabulating  the  phases  are  take-off,  climb,  cruise,  approach,  and  perhaps  in-flight 
refueling  in  addition  to  any  others  that  might  be  required  for  a  given  airplane. 

The  flight  phases  are  grouped  into  three  categories  in  order  to  combine  them  into  families  of 
like  difficulty  and  precision.  One  category  lists  those  phases  in  which  the  most  precise  and  diffi¬ 
cult  flyl^  will  otcur  itwi  sf<*  ucitally  th*  which  Irsrtm!*  (hi.  kisfeif  ftmrlioKi  ■!  lU# 

These  are  all  non-terminal  tasks  and  include  such  phases  as  combat,  weapon  delivery  and  anti-submarine 
search.  The  next  category  is  also  non-terminal  and  groups  those  tasks  that  are  required  to  go  to 
and  return  from  the  basic  mission  location  such  as  climb,  cruise  and  descent.  Pilot  tasks  in  this 
category  are  usually  gradual  and  do  not  require  high  precision.  The  third  category  of  phases  are 
those  accomplished  in  the  vicinity  of  the  airport  and  include  takeoff,  landing,  and  go-around. 

For  each  of  the  flight  phases  which  combine  to  make  up  the  whole  mission  of  the  aircraft  it  is 
required  that  an  envelope  be  prepared  which  defines  the  boundaries  of  speed,  altitude  and  load  factor 
that  will  be  encountered  in  that  flight  phase.  This,  then  defines  the  environment  within  which  the 
plane  will  be  flown.  This  individual  flight  phase  envelope  idea  also  places  emphasis  on  the  more 
important  areas  of  use  because  the  usually  mundane  phases  of  climb,  cruise  and  let  down  are  separated 
from  combat  or  prime  use  phases.  Each  flight  phase  can  then  be  examined  individually  in  order  to 
fully  consider  all  tasks  and  maneuvers  that  must  be  accomplished  within  the  phase. 

Additional  emphasis  is  placed  on  the  primary  flight  areas  by  having  three  different  envelopes; 
operational,  service,  and  permissible.  The  operational  envelope  bounds  the  speeds,  altitudes,  and 
load  factors  in  which  the  airplane  must  be  capable  of  operating  to  accomplish  its  design  missions. 

This  is  where  the  airplane  is  meant  to  perform.  This  is  where  it  has  to  be  at  its  best  and  for  some 
flight  phases  the  envelope  should  be  as  large  as  possible.  Remember  that  each  flight  phase  of  the 
overall  mission  must  have  these  three  envelopes  to  permit  a  detailed  examination  of  all  parts  of  the 
ffiiBsion  and  to  allow  the  requirements  to  apply  where  they  are  most  needed  and  to  be  applicable  to  the 
tasks  that  must  be  performed  in  each  phase. 

It  is  realized  that  the  operational  envelope  will  probably  not  include  the  full  scope  of  the 
airplane's  capabilities.  The  service  envelope,  which  is  to  be  coincident  with  or  outside  the 
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operational  envelope,  is  to  define  airplane  limits  rather  than  mission  requirements.  The  airplane 
can  and  will  fly  here  but  it  is  not  Intended  to  fly  in  these  regions  while  accomplishing  its  mission, 
therefore,  the  flying  qualities  do  not  have  to  be  as  good  as  those  for  the  operational  envelope.  The 
service  envelope  will  include  the  extreme  regions  of  altitude,  speed,  and  load  factor;  regions  that 
are  encountered  less  often  than  those  of  the  operational  envelope.  By  reducing  the  requirements  in 
these  regions  the  designer  does  not  have  to  add  equipment  to  provide  a  high  level  of  flying  qualities 
for  an  infrequent  situation  which  would  penalize  the  aircraft  when  performing  its  principal  function. 

There  may  be  still  more  area  outside  at  least  certain  portions  of  the  service  envelope  where 
flight  is  both  possible  and  permissible.  We  are  referring  to  flights  where  stalls,  spins,  zoom 
climbs,  etc.,  are  encountered  and  a  third  envelope  called  the  permissible  envelope  has  been  added  to 
include  such  flight.  The  likelihood  of  occurrence  is  even  lower  than  that  of  the  service  envelope 
and  flight  in  this  envelope  is  considered  to  be  transient  in  nature.  No  quantitative  requirements 
are  imposed  in  the  permissible  envelope  since  there  are  areas-stall  and  spin  for  example,  where 
it  is  not  possible  to  achieve  a  stabilized  flight  condition.  Our  new  requirements  specify  that  such 
flight  shall  be  safe  and  it  shall  be  possible  for  the  pilot  to  easily  return  to  the  service  envelope. 

This  use  of  the  multiple  flight  phases  and  the  defined  envelopes  focuses  attention  to  the  intended 
areas  of  use  of  an  airplane.  This  theme  is  further  carried  out  by  levels  of  flying  qualities  which 
specify  a  minimum  value  of  a  particular  handling  quality  parameter  which  are  related  to  the  ability 
to  complete  the  mission  for  which  the  airplane  is  designed.  There  are  three  levels  which  are; 

1.  Clearly  adequate;  2.  Adequate  but  with  some  increase  in  pilot  workload  or  decrease  in  mission 
effectiveness;  3.  Safe  but  with  excessive  workload  or  inadequate  mission  effectiveness.  The  actual 
requirements  specified  by  the  levels  may  differ  between  flight  phase  categories  so  that  values  for  a 
given  level  that  apply  to  an  air-to-air  combat  situation  are  not  the  same  as  the  values  for  the  same 
level  for  cruise  or  for  the  approach.  This  again  allows  each  situation  to  be  examined  based  on  its 

own  requirements  to  tailor  the  requirement  to  the  need  rather  than  specifying  a  single  value  for  all 

flight  conditions  which  may  be  applicable  at  only  one  flight  condition. 

From  the  stability  and  control  engineer's  viewpoint  it  would  be  nice  to  have  the  best  level  of 
flying  qualities  at  all  times  but  this  is  clearly  impractical  because  of  the  penalties  that  would 
result.  But  we  do  believe  it  is  essential  to  have  the  best  level  of  flying  qualities,  i.e.,  clearly 

adequate,  a  high  percentage  of  the  time  in  the  operational  flight  envelopes  since  that  is  where  the 

missions  are  Intended  to  be  flown.  Since  this  area  is  so  important  the  first  level,  or  best  level, 
of  flying  qualities  is  required.  In  the  service  envelope  it  is  permissible  to  allow  the  pilot  to 
work  harder  and  have  a  less  effective  airplane  because  such  flight  is  not  directly  related  to  the 
mission  success.  The  second  level  of  flying  qualities  is  required  in  the  service  envelope.  The 
best  level  may  not  use  the  same  quantitative  values  for  each  of  the  categories  since  clearly  adequate 
for  cruise  does  not  have  to  be  the  same  as  does  clearly  adequate  for  air-to-air  combat. 

What  happens  or  what  is  required  in  the  various  phases  following  a  failure?  For  that  matter  what 
failures  must  be  considered;  only  single  failures  or  should  double  failures  also  be  included?  When 
looking  at  this  problem  it  was  found  that  we  could  not  answer  this  question  of  single  vs  double 
failures.  Some  multiple  failures,  double  or  triple  in  nature,  occur  more  frequently  than  some  single 
failures  so  it  did  not  seem  reasonable  to  specify  all  single  failures  and  exclude  all  double  failures. 
How  far  to  go  into  multiple  failures  was  not  directly  answerable  either.  It  was  possible  to  answer 
what  failures  should  be  considered  by  saying  all  failures  that  affect  flying  qualities.  This  goes 
beyond  the  realm  of  stability  augmentation  and  includes  instruments,  sensors,  control  system  com¬ 
ponents  propulsion  system  and  perhaps  the  fuel  tank  system. 

Since  the  number  of  failures  was  not  a  reasonable  determination  and  since  all  pertinent  failures 
had  to  be  considered  it  was  decided  to  relate  the  requirements  to  the  probability  of  encountering  a 
failure  condition.  It  is  now  required  that  the  probability  of  occurrence  of  each  possible  failure 
be  determined  and  also  the  effect  of  this  failure  on  flying  qualities.  By  combining  this  information 
the  overall  probability  that  one  or  more  of  the  specified  flying  qualities  are  degraded  to  the  second 
or  third  level  can  be  determined. 

The  requirements  are  that  the  probability  of  encountering  the  second  level  of  flying  qualities 
within  the  operational  envelope  should  be  no  greater  than  once  per  100  flights  and  the  probability 
of  encountering  the  third,  or  just  safe,  level  of  flying  qualities  should  be  not  greater  than  once  per 
10,000  flights.  For  flight  in  the  service  envelope  the  required  second  level  capability  should  not 
degrade  to  the  third  level  more  often  than  once  per  100  flights  as  a  result  of  failure. 

No  failure  or  combination  of  failures  is  permitted  to  degrade  any  of  the  flying  qualities  below 
the  third  level.  For  the  airplane  which  relies  heavily  on  stability  augmentation  to  achieve  the 
best  level  of  flying  qualities  the  third  level  is  sometimes  thought  of  as  bare  airframe  stability 
requirements.  The  actual  requirements  do  not  so  state  this  and  there  may  be,  and  often  are,  good 
reasons  for  having  the  bare  airframe  meet  the  second  or  first  level  in  at  least  some  areas.-  So  the 
lowest  level  should  not  be  considered  to  be  specifically  intended  to  apply  to  the  unaugmented  air¬ 
plane  for,  as  discussed  previously,  the  balanced  design  will  look  for  the  best  way  to  obtain  good 
flying  qualities  (the  first  level)  and  this  does  not  necessarily  mean  by  augmentation.  By  having 
this  requirement,  however,  which  does  not  permit  flying  qualities  to  degrade  below  the  third  level, 
a  limit  is  established  for  complete  augmentation  failure.  It  was  not  intended  for  the  designer  to 
just  obtain  the  third  level  from  the  bare  airframe. 


There  is  nothing  in  the  specification  to  assure  that  all  the  maneuvers  and  unusual  attitudes  are 
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examined.  This  area  still  must  be  carried  out  by  discussion  and  emphasis  on  the  use  of  the  airplane. 

It  should  be  readily  apparent  that  any  fighter  will  be  highly  maneuverable  and  that  the  extremes  en¬ 
countered  in  a  maneuver  should  be  a  design  consideration  and  not  an  afterthought  that  the  pilot 
reports  on  when  it  is  usually  too  late  to  do  something  about  the  real  problem. 

When  external  stores  must  be  carried  they  are  considered  to  be  a  normal  part  of  the  configuration 
and  the  regular  requirements  apply.  There  is  no  reason  why  the  requirements  should  be  relaxed  if 
stores  are  a  necessary  part  of  allowing  the  airplane  to  complete  its  mission.  If  a  given  flying 
quality  is  necessary  in  the  flight  phase  in  order  to  get  the  Job  done  it  is  needed  with  the  stores 
as  well  as  without  so  no  relaxation  is  justified. 

The  problem  of  how  to  account  for  atmospheric  turbulence  has  been  approached  but  not  solved.  A 
continuous  random  turbulence  model  and  a  discrete  turbulence  model  are  specified  to  be  used  in  the 
analysis  to  determine  the  effect  of  turbulence  on  the  flying  qualities  and  ability  of  a  pilot  to 
recover  from  the  effects  of  discrete  gusts.  This  is  just  an  approach  to  the  problem  because  we 
know  that  any  turbulence  model  can  be  shown  to  be  wrong  under  some  circumstances.  We  do  not  know 
enough  about  what  the  flying  qualities  should  be  in  turbulence  to  prepare  a  thorough  set  of  require¬ 
ments  and  this  must  wait  for  additional  research  to  provide  these  answers.  What  has  been  done  is  to 
make  a  start  and  require  the  designer  to  analyze  the  stability  and  control  characteristics  in  turbu¬ 
lence  to  determine  if  the  control  system  saturates  and  to  determine  if  structural  mode  problems  are 
present . 

4.  CONCLUSION 

The  air  superiority  fighter  must  have  exceptional  maneuverability  in  the  subsonic  and  transonic 
regions  to  achieve  maximum  effectiveness.  Aerodynamic  design  improvements  which  reduce  the  total 
drag  and  buffeting  at  high  lift  coefficients  are  likely  to  come  from  current  programs  and  should  pro¬ 
vide  significant  improvements  in  maneuverability  and  performance.  The  rapid  development  of  numerical 
solution  techniques  using  the  digital  computer  gives  the  designer  improved  analysis  methods  with  which 
to  optimize  and  select  optimum  aerodynamic  configurations. 

Insufficient  attention  to  the  high  angle  of  attack  flight  regime  during  design  has  resulted  in 
stability  and  control  and  flying  qualities  deficiencies.  Stability  augmentation  system  design  has 
not  overcome  these  problems  due  to  a  similar  lack  of  design  attention  in  this  area.  In  some  cases, 
the  autmentation  system  has  introduced  undesirable  control  surface  motions  which  have  made  the  air¬ 
craft  more  difficult  to  control.  The  new  and  completely  revised  US  military  flying  qualities  speci¬ 
fication,  MIL-F-8785B,  lists  flight  phases  descriptive  of  most  military  missions  and  provides  the 
necessary  flying  qualities  based  on  the  flight  phases  and  mission  requirements.  All  subsystem  failures 
which  affect  flying  qualities  must  be  determined  and  the  probability  of  occurrence  of  each  failure  and 
its  impact  of  flying  qualities  presented.  The  requirements  place  increased  emphasis  on  those  regions 
that  are  most  important  to  mission  success. 
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DESIGNER' S  VIEW  OF  POWERPLANT  PROBLEMS 


by 


R.S.  Hooper 

Hawker  Siddeley  Aviation  Limited 
K i ngston - upon - Thames ,  UK. 


PRELIMINARY  DESIGN  ASPECTS  OF  MILITARY  AIRCRAFT 


DESIGNER’S  VIEW  OF  POWERPLANT  PROBLEMS 


1.0  SCOPE 

I  shall  interpret  this  title  as  applying  to  the 
problems  of  installing  the  powerplant  in  the  airframe; 
this  is  taken  to  comprise  firstly  the  overall  problem  of 
layout  and  secondly  the  detailed  problems  arising  at 
the  engine/airframe  interface.  Thus,  I  shall  touch  only 
briefly  on  the  internal  machinery  of  the  powerplant, 
about  which  we  may  hear  from  later  speakers,  and  I 
will  leave  the  field  of  supersonic  intake  design  to  the 
last  of  this  morning's  lectures.  Furthermore,  in  order 
to  restrict  this  presentation  to  35  minutes,  I  shall 
limit  my  discussion  to  the  jet  engine  as  installed  in 
fighter  type  aircraft. 

2.0  PRELIMINARY  DESIGN 

'Preliminary  design'  is  taken  to  be  the  period  of 
iterative  testing  of  major  design  compromises  which 
is  required  in  order  to  limit  the  number  of  solutions 
which  go  forward  for  deeper  study.  Several  returns 
may  be  made  to  this  early  stage  before  main-line 
design  commences. 


Preliminary  design  is  a  forward-looking  process 
but  we  may  examine  its  outcome  in  the  successful 
aircraft  types  of  the  past.  I  will,  therefore,  trace  briefly 
the  development  of  the  jet  fighter  back  to  the  end  of 
the  piston  engined  era;  using  as  illustration  some  of 
the  fighter  aircraft  produced  by  Hawker  Siddeley 
Aviation. 


3.0  DERIVATION  OF  THE  JET  FIGHTER 

The  last  of  the  piston  engined  fighters,  introduced 
at  the  end  of  World  War  II,  were  Naval  aircraft  such  as 
the  Sea  Fury  (single  engine)  and  Sea  Hornet  (twin 
engined).  These  aircraft  typify  the  classical  layout  of 
propeller  driven  fighters.  With  the  advent  of  the  jet 
engine,  aircraft  designers  were  forced  to  rethink  the 
subject  of  engine  installation  and,  in  the  first  decade 
of  the  jet  fighter,  a  number  of  solutions  were  tried.  The 
first  British  jet  to  fly,  the  Gloster/Whittle  E  28/39 
adopted  a  layout  which  has  since  itself  become  a  classic 
with  undisturbed  air  taken  in  ahead  of  the  airframe  and 
the  jet  expelled  clear  of  all  structure  at  the  rear.  This 
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Gloster/  Whittle  E  28/39 


Fig.2 

was  followed  by  a  number  of  attempts  to  redu  e  the 
volume  of  the  installation,  by  shortening  its  length. 

Three  examples  are  shown,  the  Vampire  and  the  Sea 
Hawk  adopted  bifurcated  intakes  in  order  to  shorten 
the  inlet  duct  length,  while  the  Meteor  adopted  two 
engines  thus  keeping  both  the  intake  and  the  jet 
pipes  short.  The  Vampire  used  a  twin  boom  fuselage 
tc  achieve  minimum  jet  pipe  length  (and  maximum 
engine  accessibility)  while  the  Sea  Hawk  used  an 
equally  urwonventional  approach  to  keep  the  rear  fuselage 
free  of  jet  pipe,  that  is  the  use  for  the  first  time  of  a 
bifurcated  jet  with  the  flow  split  at  the  turbine  rear  face. 
With  the  Hunter,  and  later  the  Gnat,  a  'conventional' 
layout  was  adopted  with  the  pilot,  radar  ranging  and  guns 
taking  precedence  in  the  nose  of  the  aircraft  and 
relatively  short  bifurcated  intakes  supplying  the  engines 
which  exhaust  through  fairly  long  jet  pipes.  The  1121, 
designed  in  the  mid  fifties,  employed  a  single  under¬ 
fuselage  double  shock  intake  with  the  engine  moved 
rearwardly  so  that  a  relatively  short  reheat  jet  pipe 
exhausted  behind  the  tail  surfaces. 

Other  designers  have  shortened  the  jet  pipe(s) 
by  exhausting  beneath  the  rear  fuselage.  This  has  been 
popular  with  twin  engined  types  such  as  F89,  F 101 , 

F4  and  Jaguar.  Later  aircraft,  such  as  F 1 1 1 ,  F 14,  and 
the  Russian  'Foxbat',  have  reverted  to  the  classic 
solution  of  exhausting  aft  of  the  empennage  in  the 
interests  of  obtaining  low  drag  reheat-off  and  of 
eliminating  heating  and  acoustic  effects  reheat-on. 


Before  passing  to  the  detail  engineering  of 
powerplant  installation  I  must  mention  an  example  of 
the  extremely  interesting  features  of  VTOL  powerplant 
installation. Figs 2-8  show  the  derivation  of  the  powerplant 
layout  in  the  P1 127  family  of  aircraft,  of  which  the 
present  member,  the  Harrier,  is  now  in  service  with  the 
Royal  Air  Force.  The  top  diagram  shows  that  the  first 
proposals,  in  1957,  had  rotatable  nozzles  on  the  fan 
flow  only,  with  a  vertical  force  from  the  gas  generator 
provided  as  a  result  of  the  angle  of  the  powerplant 
relative  to  the  ground  in  landing  and  take-off  attitude. 
The  front  nozzles  were  to  be  rotated  past  the  vertical 
to  cancel  horizontal  forces.  These  layouts  were,  of 
course,  wasteful  and  the  proposal  to  bifurcate  and 
rotate  the  hot  efflux  owed  something  to  the  earlier 
Sea  Hawk  experience.  At  this  time  also  the  'bent  pipe' 
exhausts  were  replaced  with  the  now  familiar  compact 
and  efficient  vaned  turning  nozzles.  The  third  diagram 
shows  the  resulting  layout.  At  this  point  the  separate 
intakes  for  fan  and  gas  generator  flows  had  been 
combined  to  feed  a  new  design  of  fan  and,  on  urging 
from  the  aircraft  designer,  the  two  spools  were  counter- 
rotated  to  eliminate  gyroscopic  coupling  from  the 
aircraft  motions  in  V/STOL  flight.  Also  the  fan  casing, 
which  carried  the  engine  fuel  system  and  engine  driven 
ancillaries,  was  rotated  through  180°  to  bring  these 
units  to  the  top  of  the  engine  in  line  with  the  wing  box, 
thus  permitting  a  useful  reduction  in  fuselage  size.  To 
this  day  the  throttle  linkage  of  the  Harrier  crosses  over 
from  the  left  hand  side  of  the  cockpit  to  the  right  hand 
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side  of  the  engine,  as  a  result  of  this  early  decision.  The 
balance  of  a  V/STOL  design  is  a  first  consideration  and, 
on  the  P1 127,  this  necessitated  a  very  short  intake 
because  the  total  weight  of  the  cockpit  and  nose 
undercarriage  would  have  been  moved  forward  by  any 
lengthening  of  the  duct.  This  has  led  us  to  the  solution 
of  difficult  problems  in  the  intake  and  cowl  design, 
which  I  shall  return  to  later.  With  minimum  length 
bifurcated  intake  and  essentially  zero  length  exhaust, 
the  Pegasus  probably  represents  the  most  compact 
powerplant  installation,  for  its  thrust,  ever  achieved 
on  an  unreheated  engine  -  I  should  be  careful  to 
restrict  the  comparison  to  fuselage  installations  as  some 
podded  installations  may  be  competitive. 

I  can  scarcely  do  justice  to  the  lift-engine  concept 
of  VTOL  within  the  length  of  this  paper;  the  layouts 
proposed  have  been  legion  and  much  has  already  been 
written  on  the  many  new  features  which  have  been 
resolved.  Notable  is  the  automation  of  the  start  up 
and  shut  down  phases  and  the  vectored  installation 
proposed  by  R-R,  E.W.R.  and  Fairchild  Hiller 
Republic  and  obtained  by  the  rotation  of  retractable 


pairs  of  lift  engines  on  either  side  of  the  fuselage. 

To  summarise  then,  the  evolution  of  fighter 
aircraft  as  affected  by  the  jet  engine  has  involved  a 
search  for  a  low  volume  installation  while  retaining 
good  intake  conditions  and  acceptable  exhaust/ 
airframe  interactions.  The  pilot,  his  armament  and 
the  associated  search  and  aiming  equipment  have 
often  taken  pride  of  place  in  the  aircraft  nose  so  that 
bifurcated  intakes  are  common  on  single  engined 
aircraft.  This  near  necessity  has  been  made  a  virtue 
on  many  supersonic  types  by  the  use  of  the  fuselage 
side  to  house  the  variable  geometry  arrangements 
associated  with  multiple  shock  intakes.  Twin  engined 
types  have  tended  to  instal  the  engines  further 
forward  in  the  airframe  because  a  shorter  intake  duct 
is  permissible  in  the  absence  of  bifurcation,  and,  as  a 
result,  the  reheated  exhaust  has  sometimes  been 
liberated  beneath  the  rear  fuselage  in  an  attempt  to 
reduce  weight.  In  spite  of  the  attractions  of  the  podded 
layout  -  so  common  in  commercial  aviation  -  the 
associated  performance  penalties  have  largely  precluded 
their  use  on  fighter  aircraft. 
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4.0  THE  ENGINE/AIRFRAME  CONFLICT 

The  aircraft  designer's  requirements  are  simple. 
The  powerplant  should  produce  a  large  net  thrust  from 
a  minimum  size  and  weight  with  low  fuel  consumption. 
It  should  continue  to  do  this  for  many  hundreds  of 
hours  between  overhauls.  It  should  be  rugged  and  very 
tolerant  of  the  conditions  of  the  air  delivered  to  it. 

In  fact,  the  engine  comes  with  a  number  of  very 
undesirable  by-products.  It  has  a  destructive  exhaust,  it 
produces  excessive  noise,  infra-red  radiation,  vibration, 
smoke,  heat  (both  internal  and  external  to  the  airframe) 
and  gyroscopic  effects.  It  needs  oil  drains,  fuel  drains,  it 
must  be  handled  with  care  and  mounted  so  as  to  escape 
the  distortions  experienced  by  the  airframe.  Its  fuel 


control  system  is  complex.  Its  intake  flow  is  destabilising. 
It  is  expensive.  If  displeased  with  its  environment  it  will 
surge,  shed  its  blades  or  catch  fire. 

I  must  hasten  to  put  the  other  side  of  the  picture. 
The  modern  jet  engine  is  a  miracle  of  ingenuity. 
Compared  with  the  piston  engine  it  is  free  of  vibration 
and  it  is  extremely  reliable.  It  is  designed  to  breathe  air 
but  it  is  fed  with  rsin,  dust,  grit,  salt,  rivet  heads,  grass, 
small  stones,  ice,  birds  and  sometimes  the  exhaust 
from  guns  and  rockets.  The  engine's  theoretical 
performance  is  based  on  uniformity  of  air  temperature 
and  velocity  across  the  intake  face.  With  the  advent  of 
the  VTOL  fighter  the  engine  must  tolerate  instead 
sudden  changes  of  intake  temperature  or  localised 
streaks  of  heated  air.  Also  the  aircraft  designer  has  the 
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habit  of  demanding  maximum  thrust  when  the  wing  is 
hanging  on  in  deep  buffet  with  the  intake  at  an  angle 
which  makes  a  mockery  of  the  assumption  of  uniform 
flow.  Aircraft  designers  have  even  been  known  to  react 
with  pained  surprise  when  the  engines  quit  in  a  developed 
spin  -  after  all,  if  the  airframe  can  recover  from  an 
incidence  of  60°  or  more,  surely  the  engine  should 
continue  to  co  operate? 

So,  we  are  stuck  with  each  other.  Without  his 
thrust  we  could  do  nothing.  Without  our  drag  he  would 
have  no  jobl 

5.0  RESOLVING  THE  CONFLICT 

I  shall  now  discuss  some  of  the  installations! 
aspects  of  the  powerplant,  with  recommendations  for 
both  the  airframe  and  engine  designers. 

5.1  Starting 

The  early  British  jet  engines  were  started 
electrically  using  ground  supply.  In  the  same  perod 
Germany  was  already  using  self-contained  starting  by 
means  of  small  reciprocating  engines  mounted  in  the 
intake  'bullet'. 

The  early  Hunters  used  cartridge  starters  and 
these  in  turn  were  replaced  by  ?.  mono-fuel  (iso-propyl- 
nitrate)  starter  with  the  same  turbine  impingement  and 
clutch  drive  arrangement. 


With  the  P1 127  and  its  design  emphasis  on  remote 
site  operation,  we  reverted  to  cartridge  starting.  The 
cartridge  was  by  now  as  big  as  the  propellant  charge  of 
the  gun  armament  of  a  destroyer  and  the  cost  of 
starting  was  high.  The  Harrier  uses  a  gas  turbine  starter 
which  burns  a  tiny  proportion  of  the  main  fuel  supply 
so  that  true  independence  of  any  special  logistic  support 
has  at  last  been  achieved.  The  gas  turbine  starter  also 
doubles  as  a  ground  power  supply  A.P.U.  and,  while 
this  function  does  complicate  the  installation,  it  is  so 
clearly  desirable  for  dispersed  operation  that  I  expect 
it  to  become  the  standard  installation  for  future 
generations  of  military  aircraft.  The  G.T.S.  has  proved 
to  give  very  reliable  starting,  and  with  its  direct 
mounting  on,  and  drive- through,  the  main  engine 
gearbox, testing  during  the  Pegasus  6  development 
programme  has  been  straightforward.  It  is  worth  noting 
at  this  point  that  the  widespread  adoption  of  twin  shaft 
engines  (pioneered  by  Rolls  Royce,  then  Bristol  Engines, 
on  the  Olympus)  has  greatly  reduced  the  size  of 
starter  required  since  only  the  H.P.  spool  must  be 
accelerated  by  direct  mechanical  drive.  Presumably 
the  new  three  shaft  engines  will  continue  this  favourable 
trend. 

I  conclude  that,  following  thirty  years  of  operating 
jet  aircraft,  engine  starting  has  at  last  reached  a 
satisfactory  stage  of  development.  I  believe  that 
airborne  relighting  of  the  windmilling  engine  is  also 
satisfactory  on  most  modern  installations. 
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Harrier  GTS/APU  installation 


5.2  Gyroscopic  Coupling 

The  Pegasus  engine  pioneered  the  counter-rotation 
of  the  high  pressure  and  low  pressure  spools,  thus 
practically  eliminating  gyroscopic  moments.  This  is 
particularly  valuable  in  a  V/STOL  aircraft  and  it  was 
implemented  on  the  Pegasus,  in  spite  of  fears  as  to  the 
satisfactory  behaviour  of  the  inter-shaft  bearings,  as  a 
result  of  urging  by  the  aircraft  designer.  A  happy 
example  of  collaboration  in  the  preliminary  design 
stage,  and  one  that  has  been  so  free  of  trouble  that  it 
is  hard  to  understand  why  co-rotating  twin-spool 
engines  continue  to  appear. 

5.3  Foreign  Object  Damage 

In  section  4,0  we  listed  some  of  these  items. 

Firstly,  rain  must  be  regarded  as  a  very  normal 
operational  hazard,  but  it  has  been  known  to  chill  the 
engine  casings  to  the  point  at  which  blade  rubbing  can 
occur  -  usually  in  association  with  shaft  bending 
under  'g\  This  combination  may,  therefore,  determine 
tip  clearances  and  so  affect  compressor  efficiency. 

Dust  and  grit,  in  our  experience,  are  unlikely  to 
produce  more  than  a  small  loss  in  the  efficiency  of 
compression  due  to  roughening  on  the  concave  surfaces 
of  the  blading;  but  one  hears  from  Vietnam  of  a  fine 
grit  which  can  rapidly  modify  the  aerofoil  shape  of  the 
small  blades  typically  used  in  helicopter  engines.  This 
has  led  to  the  use  of  vortex  air  filters  with  considerable 
loss  of  performance.  Such  a  solution  would  be 


impractical  for  the  much  larger  mass  flows  of  fighter 
type  aircraft.  We  therefore  look  to  the  engine  designer 
to  come  up  with  blade  materials  or  coatings  to  stand  up 
to  this  wear. 

The  problem  of  the  prolonged  ingestion  of  salt¬ 
laden  air  in  shipboard  operation,  or  even  at  coastal 
stations,  militates  strongly  against  the  use  of  magnesium 
in  both  engine  and  airframe,  except  perhaps  in  the  case 
of  oil  washed  components  or  where  inspection  and 
replacement  are  easily  accomplished. 

The  avoidance  of  rivet  heads  etc.  passing  through 
an  engine  is  clearly  the  responsibility  of  the  airframe 
designer,  who  must  examine  all  fastenings  in  the  intake 
ducts  themselves  and  over  the  whole  airframe  area 
ahead  of  the  intakes.  The  seriousness  of  such  foreign 
objects  has  been  much  reduced  with  the  advent  of  the 
by-pass  engine  with  its  relatively  large  and  robust  fan 
stages.  It  may  well  be  possible  to  blend  out  the  leading 
edge  damage  which  results,  just  as  was  commonly  done 
in  the  propeller  era.  The  use  of  titanium  blading  in 
place  of  aluminium  alloy  has  also  improved  engine 
tolerance  to  this  type  of  damage. 

Grass  presents  a  new  hazard,  in  the  sense  that 
only  recently  has  the  jet  engined  fighter  ventured  back 
onto  the  sort  of  grass  fields  used  by  the  last  of  its 
piston  engined  forebears.  This  must  become  a  greater 
cause  of  concern  as  the  new  military  generation  seeks  to 
escape  from  the  concrete  base  concept.  Experience 
with  the  Kestrel  and  Harrier  shows  that  uncut  grass  of 
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moderate  height  can  be  tolerated.  However,  if  the 
grass  is  cut  it  must  also  be  collected  or  quite  large 
quantities  may  pass  through  the  engine.  This  has  not 
so  far  produced  a  dangerous  situation,  but  a  loss  of 
engine  performance  may  result.  Under  these  conditions 
air  tappings  from  the  engine  must  either  be  filtered  - 
and  the  filters  must  be  easily  accessible  -  or  the  piping 
must  be  clear  of  obstructions  which  might  lead  to 
clogging.  An  example  of  clear  piping  is  the  reaction 
control  system  of  V/STOL  aircraft,  it  has  been  noted 
many  times  during  the  development  of  the  1127  family 
that  the  reaction  controls  blow  'smoke'  as  the  most 
obvious  external  evidence  of  heavy  grass  ingestion.  The 
new  biological  (enzyme)  cleaners  show  promise  as  a 
means  of  engine  washing  to  remove  grass  contamination. 

The  ingestion  of  ice  from  the  (unheated)  intake 
lips  of  fighter  aircraft  has  not,  in  our  experience,  been 
a  cause  of  concern.  The  Pegasus  engine  pioneered  the 
use  of  an  overhung  fan  (now  standard  practice  on  the 
new  high  by-pass  engines)  so  that  bearing  support  struts 
ahead  of  the  low  pressure  compressor  were  not  required; 


from  the  Pegasus  3  onwards  the  inlet  guide  vanes  were 
also  deleted  (again  now  standard  practice)  so  that  the 
first  stage  rotates.  This  has  proved  to  provide  complete 
protection  against  engine  icing,  the  blades  exhibiting 
good  ice-shedding  characteristics  with  no  significant 
build  up. 

The  rotating  first  stage  of  blading  has  also 
contributed  to  the  ability  of  this  quite  remarkable 
engine  to  swallow  the  600  kt.  one  pound  bird  which 
is  constantly  deemed  to  threaten  low  flying  British 
military  aircraft.  Where  static  inlet  guide  vanes  are 
featured,  bird  impact  may  force  these  back  into  the 
first  rotating  stage  with  disastrous  results.  Here  the 
bifurcated  intake  gains  some  points,  the  cockpit 
providing  considerable  protection  to  the  engine  so  that 
only  the  blade  tips  are  exposed  to  the  risk  of  direct 
impact.  The  problem  is  then  transferred  to  the  airframe 
designer  who  must  build  intake  lips  and  the  outside  of 
the  'S'  bend  (Fig.12)  such  that  the  bird  impact  will  not 
liberate  pieces  of  metal  of  sufficient  size  to  disable  the 
engine. 


Intake  duct  damage  by  bird  impact  test 

Fig.l  2 
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Finally  we  come  to  gases  ingested  following  the 
discharge  of  aircraft  armaments.  After  overcoming 
considerable  development  difficulties  in  the  early  days 
of  the  Hunter  due  to  unburnt  gun  gases  causing  rich 
extinction  of  the  engine  at  altitude,  we  have  managed 
to  steer  clear  of  this  problem  ever  since.  The  Gnat  fighter 
provides  a  fine  example  of  just  how  intimate  a  30  mm 
gun  and  an  intake  can  get  without  producing  flame-outs. 
Fig.  13  shows  that  this  has  been  achieved  with  the  use 
of  suitable  gun  gas  deflectors.  The  Harrier  has  fired  the 
total  contents  of  six  Sneb-Matra  rocket  pods 
simultaneously  without  suffering  any  adverse  engine 
reaction.  We  may  conclude  that  these  problems  rightly 
belong  to  the  airframe  designer  and  that,  should  he  fall 
down  on  the  job,  then  'fuel  dipping'  as  used  on  the 
Hunter  may  come  to  his  aid. 

5.4  Fuel  Systems 

This  interface  between  the  engine  and  airframe 
is  simple  —  it  is  the  responsibility  of  the  airframe 
designer  to  present  air-free  fuel  within  a  designated 
pressure  range  and  at  a  flow  rate  up  to  the  maximum 
which  the  engine  can  consume  at  the  inlet  to  the 
engine  driven  pump.  The  simplicity  of  this  interface 
belies  the  complexity  of  the  fuel  system,  both  upstream 
and  downstream. 


On  the  airframe  side  it  is  necessary  to  pressurise 
the  fuel  system  to  control  boiling  at  altitude  and  in 


order  to  transfer  fuel  from  external  tanks.  The  fuel 
remaining  must  be  gauged  and  the  flow  rate  measured 
with  automatic  compensation  for  change  in  density 
between  different  fuels;  the  fuel  will  usually  be  drawn 
sequentially  from  multiple  tanks  and  metered  so  that 
the  fuel  load  remains  in  balance  both  fore  and  aft  and 
laterally.  Arrangements  must  often  be  made  for  gravity 
and  pressure  refuelling  on  the  ground  and  for  in-flight 
refuelling.  With  fuel  on  board,  a  natural  requirement 
arises  for  the  aircraft  to  be  defuelled  on  the  ground  and 
for  the  whole  or  part  of  the  fuel  to  be  jettisonable  in 
flight.  The  pressurisation  and  venting  system  must  cope 
with  the  maximum  rate  of  change  of  altitude  which  the 
flight  envelope  will  permit,  and  a  trap  system  must  be 
provided  to  allow  a  sufficient  period  of  inverted  flight 
at  any  fuel  state.  Assuming  that  these,  and  many  other, 
problems  have  been  overcome  by  the  airframe  designer, 
we  may  look  downstream  at  the  engine  fuel  system. 

A  typical  British  engine  fuel  system  at  the  end  of 
the  first  decade  of  the  operational  jet  used  twin  variable 
stroke  HP  pumps  with  a  servo-control  system  which 
received  signals  from  throttle  position,  barometric 
(intake)  pressure  and  an  acceleration  control  unit.  In 
addition,  a  mechanical  governor  limited  over-speeding 
of  the  engine.  In  the  event  of  mal-function  of  the 
servo-system  causing  loss  of  power,  a  pilot-operated 
switch  would  isolate  one  of  the  HP  pumps  which  then 
delivered  fuel  at  full  stroke.  With  the  addition  of  a 
J.P.T.  control  and  fuel  dipping  for  high  altitude  gun 
firing,  this  system  remains  in  the  Hunter  today. 


* 


Fig.13 


Gnat  Fighter 
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Fig.14 


Harrier  Hydro- mechanical  engine  fuel  system 


With  the  advent  of  the  two-spool  engine  and  the 
special  requirements  of  V/STOL  operations,  the 
hydro-mechanical  fuel  system  has  grown  into  an 
electro-hydro-mechanical  system  with  a  number  of  new 
features.  The  controlling  parameters  now  include:— 

Throttle  angle 
LP  speed 
HP  speed 

Fan  output  pressure 
HP  output  pressure 
J.P.T. 

Intake  temperature 
Water  injection  flow 
Reaction  control  flow 

In  various  combinations  these  parameters  are 
fed  to  the:- 

Pressure  drop  regulator 

LP  governor  (including  water  injection  reset) 

Acceleration  control  unit 

Pressure  ratio  limiter 

Air  bleed  reset 

Flow  control  pressure  drop  regulator 
Inlet  guide  blade  control  unit* 

*  This  unit  may  be  eutomttic  in  operation  and,  although 
uting  angina  fuel  at  its  operating  medium,  it  may  not 
control  the  angina  fuel  How  directly. 


Such  a  system  has  now  reached  a  satisfactory 
state  of  development  and  has  met  all  requirements 
placed  upon  it.  However,  it  is  complex  and  bulky  and 
time  consuming  in  development.  Perhaps  the  time  has 
come  to  think  again. 

Why  has  the  engine  fuel  system  reached  this 
level  of  complexity?  (Fig.14).  There  seem  to  be  two 
main  reasons,  the  first  is  that  the  components  of 
modern  engines  are  designed  to  exploit  their  performance 
close  to  the  limit,  the  second  is  that  the  ill  effects  of 
exceeding  limitations  may  be  hidden  from  the  pilot 
(e.g.  excessive  turbine  creep  rate)  or  may  be  sudden 
and  potentially  disastrous  (e.g.  surge  and  run-down). 

As  each  new  limitation  has  been  approached, 
therefore,  a  new  appendage  has  appeared  on  the 
engine  fuel  system  designed  either  to  reduce  the 
cockpit  work  load  by  limiting  the  number  of  gauges 
which  the  pilot  must  scan  and  interpret,  or  to  protect 
him  where  the  rate  of  scan  required  to  anticipate  trouble 
is  beyond  human  capacity. 

With  the  rapid  advance  of  digital  computation, 
it  is  now  possible  to  make  a  comprehensive  digital 
model  of  the  engine  behaviour  with  unfailing  memory 
and  a  scanning  rate  many  orders  higher  than  that  of 
the  human  brain.  Such  a  device  could  incorporate 
multiple  redundancy  to  ensure  a  high  overall  integrity 
or  self-checking  with  fail-safe  may  offer  an  alternative. 
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In  either  case  a  final  fall-back  position  comprising  an 
old-fashioned  mechanical  linkage  from  the  pilot's 
throttle  to  a  fuel  tap  on  the  engine  would  allow  the 
pilot  to  get  home;  if  with  rather  unenterprising  use  of 
the  potential  engine  power. 

Digital  control  offers  a  wide  range  of  new 
possibilities.  For  example,  a  tie-in  with  the  aircraft 
inertial  and  air  data  systems,  as  a  means  of  sensing  pitch 
and  sideslip  angles,  together  with  a  knowledge  of  intake 
flow  distortion  characteristics  could  provide  automatic 
protection  against  engine  surge  due  to  this  cause.  A 
cockpit  gauge  could  indicate  continuously  to  the  pilot 
the  percentage  of  maximum  safe  power  which  he  is 
demanding.  This  indication  would  vary,  at  fixed  throttle 
setting,  during  aircraft  manoeuvre  or  other  transient 
conditions.  Auto-throttle  control  for  blind  approach 
or  during  the  attack  phase  are  other  obvious 
by-products  of  this  system. 

Further  in  the  future  the  functions  of  the  engine 
digital  fuel  system  may  be  taken  over  by  a  central 
digital  computer  which  deals  with  the  aero  dynamics 
of  the  vehicle,  the  electronics  of  the  nav/attack 
system  and  the  thermodynamics  of  the  powerplant. 

At  this  stage  the  engine  fuel  system  is  no  more  than 
the  fuel  tap  with  standby  mechanical  control  as 
envisaged  above. 

5.5  intake  Design 

The  satisfaction  of  the  engine's  demand  for  air 
has  grown  from  no  problem  at  all  in  the  days  of  the 
centrifugal  powerplant  to  perhaps  the  most  difficult 
aerodynamic  problem  in  the  design  of  a  V/STOL 
fighter  aircraft  with  a  high  by-pass  lift/cruise  engine. 

Essentially  the  requirements  for  high  static 
efficiency  conflict  strongly  with  the  requirements  for 
the  throttled  cruise,  particularly  so  if  the  cruise  is  at 
low  level.  In  the  latter  case  the  external  flow  around 
the  intake  cowl  may  assume  an  importance  equal  to 
that  of  the  internal  duct  flow.  The  engine  designer 
may  count  himself  fortunate  to  be  able  to  concentrate 
primarily  on  the  flow  within  the  bounding  streamlines 
of  the  capture  area.  In  general,  the  conflict  referred  to 
above  can  be  solved  only  by  recourse  to  some  form  of 
variable  geometry.  On  the  Harrier  we  have  sized  the 
intake  throat  area  for  the  high  power,  high  altitude 
case.  This,  in  combination  with  (a)  a  large  highlight-to- 
throat  area  ratio  of  the  intake  lips  (b)  a  generous  secondary 
duct  area  exposed  by  blow-in  doors  in  the  external 
cowl  (c)  provision  of  doors  to  close  off  the  boundary 
layer  bleed  (thus  preventing  the  circulation  of  low 
energy  reverse-flow  in  the  V/STOL  regime)  W,  close 
attention  to  the  shaping  of  the  duct,  particularly  where 
this  can  improve  the  flow  into  the  inner  annulus  end 
hence  into  the  HP  compressor  of  the  engine,  has 
resulted  in  a  high  static  efficiency. 


In  the  cruise  the  blow-in  doors  are  shut  and  the 
BLB  doors  are  open.  In  manoeuvring  flight  at  either 
very  high  or  very  low  incidences  (and  depending  on 
RPM  and  speed)  one  or  other  of  the  BL  doors  may  be 
shut  under  the  influence  of  the  pre-entry  compression 
and  the  upper  or  lower  inlet  lip  suction.  The  external 
cowl  has  been  shaped  to  make  the  best  use  of  the 
available  cowl /high light  area  ratio. 

In  the  course  of  the  development  of  the  1127  air 
intake,  from  prototype  to  Harrier,  we  have  investigated 
turning  vanes,  vortex  generators,  distributed  suction, 
B.L.  blowing  by  HP  or  LP  engine  air,  translating  lips, 
hinging  lips,  inflatable  lips  and  a  number  of  other 
aerodynamic  tricks.  Fig.  16  shows  an  alternative 
arrangement  to  that  finally  adopted  on  the  Harrier. 
Neither  has  the  powerplant  designer  been  idle,  although 
his  activities  have  often  been  of  a  defensive  nature  — 
by  which  I  mean  that  he  must  ensure  that  the  engine 
performance,  handling  and  mechanical  integrity  will 
tolerate  the  presence  of  the  airframe. 

I  have  dealt  briefly  with  the  intake  of  a 
particular  aircraft  during  the  development  of  which  we 
learnt  that  the  long  fan  blades  and  increasing  stage 
loadings  of  modern  high-bypass  engines  may  be  quite 
sensitive  to  the  wide  variety  of  velocity  patterns 
produced  by  the  air  intake  over  the  flight  envelope  of 
a  fighter  aircraft.  The  lesson  for  future  preliminary 
design  of  similar  aircraft  is  that  intensive  work  on  the 
intake  should  start  at  an  early  stage.  If  a  new  engine 
is  to  power  the  new  aircraft  then  it  may  be  desirable 
to  run  a  model  intake  ahead  of  a  model  compressor  in 
order  to  obtain  early  indications  of  the  engine  response. 


To  an  airframe  designer  it  seems  that  the 
problems  of  engine  design  -  involving  the  interaction  of 
n  stages  with  xp  blades,  on  y  spools,  and  with  the  blade 
boundary  layer  subject  to  centrifugal  loading  —  are  so 
daunting  that  perhaps  we  should  mend  our  ways  and 
podded  engines,  programmed  by  the  computer 
er  visaf  .-d  in  the  last  section  to  point  always  directly 
into  the  relative  wind!  (Fig.18) 

5.6  Exhaust  Design 

If  the  exhaust  could  be  considered  in  isolation 
then  there  can  be  little  doubt  that  it  would  be 
situated  at  the  extreme  rear  of  the  airframe.  As  already 
noted  in  section  3.0,  considerations  of  space  and  weight 
(or  special  function  as  in  the  case  of  vectored  thrust) 
may  result  in  the  jet  exit(s)  lying  beneath  or  in  the 
flanks  of  the  rear  fuselage.  In  these  positions  problems 
of  structure  heating  and  acoustic  fatigue  arise  and 
close  attention  must  be  paid  to  rear  fuselage  drag. 

These  problems  exist  with  the  simplest  type  of  exhaust 
and  they  are  multiplied  by  the  requirement  for  reheat 
with  its  large  variable  convergent  nozzle. 
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Alternative  V/Stol  air  intake  configuration 


Fig.16 


Further  complexities  arise  with  high  supersonic 
speed  and  with  the  demand  for  short  landing  ground 
runs.  The  first  leads  to  convergent-divergent  nozzles 
and  the  second  to  reverse  thrust. 

To  the  writer's  knowledge  no  puraly  mechanical 
variable  convergent-divergent  nozzle  has  flown,  but  an 
approximation  employing  an  induced  secondary  airflow 
(reheat-off)  is  in  widespread  use.  The  combination  of  this 
arrangement  with  thrust  reversal  is  used  for  the  first 
time  on  a  production  aircraft  by  the  Saab  Viggen.  A 
demand  for  the  reversal  of  re  heated  thrust  may  well 
arise  in  the  future. 

Vectored  thrust  offers  a  simple  means  of 
complete  reversal  although  this  has  not  yet  been 
implemented  on  the  1127  family.  In  general  a  demand 
for  a  high  degree  of  reverse  thrust  will  set  new 
constraints  on  the  aircraft  configuration  in  order  that 
trailing  edges,  external  stores  etc.  are  not  exposed  to 
excessive  temperature  or  jet  blast. 

In  ■jummary  the  exhaust  system,  required  to 
operate  efficiently  from  full  reverse,  through  the 
subsonic  cruise  and  at  high  supersonic  speed,  will  be 
a  complex  and  difficult  piece  of  high  temperature 
aero-mechanical  engineering.  There  is  great  scope  for 
improvements  in  the  state  of  the  art  and  for  collabora¬ 
tion  between  engine  and  airframe  designers. 


5.7  Powerplant  Cost 

Unit  cost  is  increasingly  a  powerplant  problem. 

The  aircraft  designer  must  think  seriously  before 
introducing  a  new  engine  for  each  new  aircraft  design, 
although  the  flexibility  of  the  building-blocks  of  the 
jet  engine  make  this  approach  technically  attractive. 

Fig.  17  shows  recently  quoted  unit  specific  costs 
for  a  number  of  European  and  American  engines.  The 
scatter  is  large  as  corrections  for  the  length  of  production 
run  and  the  degret  of  'dressing'  of  the  engines  have 
not  been  made.  However,  it  may  be  concluded  that 
the  penalty  for  adopting  the  latest  powerplant  will  be 
to  increase  the  cost  by  50-100%  as  compared  with  an 
older  and  proven  design. 

The  availability  of  engines  in  particular  thrust 
brackets  together  with  the  costing  methods  adopted, 
may  well  sway  the  choice  of  aircraft  layout  as  between 
a  single  or  twin  engined  design. 

The  powerplant,  the  airframe  and  the  electronic 
systems  now  contribute  roughly  equally  to  the  unit  cost 
of  a  modern  strike  fighter.  We  must,  therefore,  ask  the 
engine  designer  to  pay  ciuse  attention  to  cost  at  the 
preliminary  design  stage. 
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The  cost  of  thrust 

Fig.17 


6.0  CLOSING  REMARKS 

The  speaker  has  learnt  to  admire  the  engine  man 
with  his  complex  problems  -  but  does  the  blading 
always  need  to  have  such  sharp  leading  edges  even 
where  the  relative  flow  is  subsonic?  Must  by-pass  flows 
always  pass  through  such  aerodynamically  dirty  passages? 
Do  any  of  the  many  variables  in  the  engine  design  - 
multi  spools,  variable  guide  vanes  including  variable 
turbine  stators  etc.  -  hold  out  any  possibility  of 
varying  thrust  over  the  operating  range  while 
maintaining  air  mass  flow  relatively  constant?  Will 
the  stiffness  of  carbon  fibre  blading  see  the  end  of  the 
fan  blade  'snubbers’  which  are  in  common  use  today? 
What  happened  to  the  super  fuels  so  much  in  vogue  a 
few  years  ago  -  are  there  to  be  no  new  developments 
on  this  front?  Will  there  ever  be  a  better  way  to 
produce  thrust  than  slapping  the  air  with  a  series  of 
blades  and  then  setting  fire  to  it? 

My  theme  has  been  that  the  preliminary  design 
of  both  powerplant  and  airframe  is  heavily  circum¬ 


scribed  by  practical  considerations.  The  mutual  inter¬ 
action  Qf  airframe  and  engine  is  usually  unfavourablet 
and  only  by  close  collaboration  by  the  two  design  teams 
will  a  successful  compromise  be  reached.  The  searcl.  for 
the  ideal  thermodynamic  cycle  for  a  given  specification 
condition  (or  series  of  conditions)  is  only  the  initial 
scratch  on  the  surface  of  preliminary  design. 

Finally,  I  would  like  to  express  my  gratitude  for 
the  stimulating  co-operation  which  it  has  been  my  good 
fortune  to  enjoy  with  the  powerplant  manufacturers  - 
now  the  manufacturer  -  in  the  United  Kingdom.  Their 
problems  are  often  of  our  making. 


In  this  short  paper  I  have  left  many  subjects 
untouched  but  I  hope  that  the  contents  may  stimulate 
discussion.  The  opinions  are,  of  course,  my  own  and  do 
not  necessarily  reflect  those  of  Hawker  Siddeley 
Aviation,  whose  permission  to  present  this  paper  is 
gratefully  acknowledged. 


t  except  that,  by  the  pretence  of  en  engine,  a  powered 
aircraft  it  produced  which  would  otherwiaa  have  been  a 
giider! 
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by 

James  E.  Worsham,  General  Manager 
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General  Electric  Company 
Cincinnati,  Ohio  45215 

ABSTRACT 

Current  trends  in  military  combat  aircraft  are  clearly  towards  increased  emphasis  on  multi -mis sion 
capability.  This  influences  engine  design  by  requiring  multiple  thrust  sizing  points  throughout  the 
flight  envelope  and  good  cruise  performance  over  a  wide  range  of  flight  conditions  and  power  settings. 
Engine  performance,  dimensions  and  weight  cannot  be  treated  as  isolated  elements.  The  engine 
cycle  cannot  be  selected  on  the  basis  of  uninstalled  performance  with  subsequent  efforts  made  to  min¬ 
imize  the  penalties  associated  with  the  inlet,  exhaust  and  other  installation  factors.  The  engine 
manufacturer  must  expand  his  arer.  of  interest  and  treat  the  engine  as  an  integral  part  of  the  overall 
system  throughout  the  design  effort.  The  initiation  of  engine  development  programs  independent  of  the 
weapon  system  will  no  longer  provide  the  required  results. 

The  system  design  approach  starts  with  the  identification  of  a  General  System  Concept  and 
continues  through  Concept  Formulation,  Contract  Definition,  anci  the  actual  Development 
Program.  While  engine  development  is  recognized  as  requiring  a*,  extensive  time  period,  an 
engine  for  an  advanced  weapon  system  also  must  include  as  man>  as  five  years  in  the  definition 
period  prior  to  contracting  for  engine  development.  This  very  important  formulative  phase  is 
used  to  identify  critical  state-of-art  advancements  needed  to  provide  mission  performance 
significantly  beyond  existing  capability,  and  to  initiate  development  efforts  to  verify  the  feasi¬ 
bility  of  these  improvements  prior  to  program  commitment.  Flexibility  to  cope  with  changing 
needs  must  be  provided  throughout  this  time  period  as  well  as  maintaining  a  proper  balance 
between  performance,  weight,  and  technology  versus  cost,  schedule  and  operational  requirements. 

Introduction 

Current  trends  in  military  fighter  aircraft  are  clearly  toward  increased  emphasis  on  multi- 
mission  capability.  This  type  aircraft,  in  stages  of  either  conceptual  design  or  development 
are  highly  complex  weapon  systems  made  up  of  equally  complex  and  advanced  sub-systems. 

The  diverse  capabilities  of  such  aircraft  require  an  unusually  wide  range  of  propulsion  system 
thrust  levels  to  provide  excess  energy  needed  for  combat  maneuvers  in  addition  to  low  fuel 
consumption  at  reduced  thrust  levels  for  cruise  operation.  The  flight  envelope  is  broad, 
encompassing  the  loiter,  transonic  combat  and  supersonic  intercept  demands  of  this  aircraft. 

Figure  1  illustrates  the  impor’int  design  areas  of  the  propulsion  system. 

As  a  consequence  of  this  broad  capability,  the  design  of  the  propulsion  system  must  be  highly 
integrated  into  the  total  3ystem  and  requires  design  processes  that  consider  all  aspects 
necessary  to  achieve  maximum  weapon  system  performance. 

Design  Processes 

The  design  processes  which  must  be  employed  in  the  conceptual  and  physical  development  of 
an  advanced  propulsion  system  are  characte  ristized  by  a  series  of  key  decisions  at  strategic 
points  of  time  that  are  important  to  the  development  to  both  the  aircraft  and  the  engine.  These 
key  decisions  are  listed  on  Figure  2.  Ultimate  program  success  is  dependent  upon  selecting 
the  proper  courses  of  action  to  be  taken  at  these  decision  points.  A  brief  discussion  of  some  of 
the  considerations  at  these  key  program  decisions  is  appropriate  at  this  point. 


KEY  OPERATIONAL  REGIMES 


KEY  PROGRAM  DECISIONS 


ALTITUDE 


.COMSAT' 
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'UlUuy/ 


CONCEPTUAL  APPROACH 


•  TECHNOLOGY  IMPROVEMENT  PROGRAMS 


•  COMPATIBILITY  REQUIREMENTS 


•  FINAL  SELECTION  OF  TECHNOLOGY 


ENGINE  SIZE  SELECTION 


Figure  1 


Figure  2 
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PARAMETRIC  DATA 


Conceptual  Approach 

The  system  design  starts  with  the  identifi¬ 
cation  of  a  conceptual  vehic'e  aimed  at 
meeting  a  general  set  of  operational  re¬ 
quirements.  These  usually  define  several 
thrust  sizing  points  in  addition  to  two  or 
three  mission  profiles.  The  thrust  matching 
and  mission  performance  relative  to  these 
operational  requirements  define  the  basic 
engine  characteristics  and  determine  the 
engine  type  which  most  efficiently  meets  the 
requirements,  be  it  turbojet,  turbofan  or 
some  more  exotic  cycle. 

Tradeoff  studies  are  performed  on  an  over¬ 
all  propulsion  system  basis  with  proper 
consideration  of  inlet  matching,  afterbody/ 
exhaust  nozzle  interactions,  environmental 
conditions,  bleed  and  power  extraction, 
maintainability,  reliability  and  vulner¬ 
ability  requirements;  all  of  these  in  addition,- 
to  the  specific  performance  requirements. 

In  support  of  these  studies,  the  engine 
manufacturer  furnishes  parametric  data 
which  describe  the  effects  of  design  para¬ 
meters  such  as  bypass  ratio,  turbine 
temperature  and  pressure  ratio  on  overall 
performance.  Figures  3,  4,  and  5  show 
examples  of  the  type  of  data  furnished  for 
augmented  turbofan  engines.  With  these 
data,  parametric  mission  analyses  are 
performed  with  a  variety  of  aircraft  con¬ 
figurations  to  yield  an  initial  definition  of 
the  engine  cycle,  airflow  size,  thrust  level, 
aircraft  size  and  drag.  These  analyses  form 
the  basis  for  the  next  key  decision. 


PARAMETRIC  OATA 
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Technology  Improvement  Programs 


Engine  development  is  generally  recognized  as  requiring  a  longer  period  of  time  than  that 
required  for  the  aircraft.  Figure  6  shows  a  typical  development  cycle  for  an  advanced  engine. 
The  identification  of  critical,  but  achieveable,  state-of-art  advancements  needed  to  meet  system 


requirements  is  very  important.  It  is  equally  important  that  development  programs  to  achieve 
these  advancements  be  initiated  with  flexibility  provided  to  cope  with  changing  needs. 


The  decision  to  implement  these  develop¬ 
ment  programs  must  be  based  upon  their 
value  to  or  impact  on  the  propulsion  system. 
The  study  results,  from  the  conceptual 
approach,  will  allow  a  decisio..  to  be  made. 
Prior  to  implementation  of  the  programs, 
firm  planning  through  completion  of  the 
program  must  be  made.  This  includes  the 
time  to  execute  various  phases  and  the  cost. 
Comparison  of  these  estimates,  relative  to 
available  resources,  must  be  made  such  that 
the  greatest  improvements  can  be  achieved 
with  minimum  cost.  Decisions  with  these 
considerations  in  mind  have  major  impact 
on  the  ultimate  engine  program. 


ENGINE  DEVELOPMENT  CYCLE 


1  2  3  4  5  i  7  S  9  10  11  12  13  14 


YEARS 

Figura6 


An  example  of  a  comprehensive  Technology  Improvement  Program  is  the  GE1  Advanced  Engine 
Program,  begun  in  1962.  It  was  conceived  as  the  progenitor  of  a  stable  of  engines  that  would  meet 
a  variety  of  propulsion  system  requirements.  Through  judicious  choices  of  technology  advances, 
different  engine  types  were  evolved  and  successfully  demonstrated;  a  medium  thrust/high  pressure 
ratio  turbojet  (augmented  and  non-augmented),  a  high  bypass  ratio  subsonic  turbofan;  medium  bypass 
ratio  augmented  turbofans.  These  technology  advancements  include:  significant  increase  in  turbine 
inlet  temperature;  higher  loading  in  the  turbomachinery;  development  of  new  mechanical  designs 
and  manufacturing  techniques;  material  improvements.  The  progression  of  this  program  is 
illustrated  in  Figure  7, 


INITIAL  ItCHNMSCr 


HI  WOWTUTON  MCIKS 


Figure  7 
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Compatibility  Requirements 

The  integrated  system  approach  continues  from  the  conceptual  phase  into  the  design  phase  and 
throughout  the  development  phase  to  insure  a  compatible  engine/aircraft  system  for  operational 
service.  In  addition  to  the  normal  mechanical  interfaces,  compatibility  can  be  grouped  into 
basically  two  areas: 

•  Thermodynamic  compatibility 

•  Aerodynamic  compatibility 
Each  of  these  will  be  discussed  briefly. 


The  combined  requirement  of  high  performance  and  mission  flexibility  (or  thermodynamic 
compatibility)  necessitates  a  new  approach  to  integration.  The  engine,  inlet  and  exhaust  nozzle 
must  be  thought  of  as  a  system  and  are  key  components  in  aircraft  configuration  and  performance. 
No  longer  can  an  engine  cycle  designer  ignore  factors  of  aircraft  performance.  Likewise,  the 
aircraft  designer  must  consider  engine  performance  characteristics  and  the  possible  tradeoffs. 
The  traditional  process  of  selecting  an  engine  cycle  based  on  uninstalled  performance  and  then 
applying  effort  to  minimize  the  installation  penalties  is  obsolete. 


One  aspect  of  installed  engine  performance  is  that  of  inlet/engine  airflow  matching.  Since  inlet 
capture  area  is  normally  sized  at  the  maximum  Mach  flight  condition,  the  inlet  flow  will  be  in 
excess  of  engine  requirements  for  all  lower  speeds  and  at  low  altitudes.  Combining  engine  and 
inlet  characteristics  for  maximum  installed  thrust  or  minimum  spillage  results  in  the  general 
characteristics  shown  in  Figure  8.  These  losses  are  significant.  However,  greater  losses  are 
incurred  during  subsonic  cruise  operation  as  illustrated  by  Figure  9.  Trends  in  advanced  multi¬ 
mission  aircraft  are  toward  high  t  hrust-to-weight  ratios  -  -  -  approaching  1.  0.  Subsonic  cruise 
in  these  aircraft  occurs  at  low  levels  of  drag  due  to  improved  aerodynamic  efficiency.  These 
two  characteristics  require  the  engines  to  operate  at  low  thrust  settings  and  low  airflows.  This 
results  in  high  spillage  drag  due  to  the  mismatch  of  engine/inlet  flow. 


EFFECT  OF  IM£T  DRAG  ON  SPECIFIC  FUEL  CONSUMPTION 
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Figure  9 


The  exhaust  system  for  multi-mission  aircraft  equipped  with  twin  turbofan  engines  must  consider, 
in  the  configuration  design,  such  effects  as  jet  plume  interaction  and  impingement  on  aircraft 
surfaces.  Further  complications  arise  by  virtue  of  the  fact  that,  relative  to  a  turbojet,  the 
turbofan  exhaust  nozzle  projected  area  is  larger,  area  requirement  (max-min)  is  greater, 
pressure  ratio  is  lower. 

The  externa)  flow  over  the  nozzle  can  cause  high  afterbody  drags  and  decrease  the  nozzle  thrust 
coefficient  by  virtue  of  effects  on  internal  gas  flow.  The  nozzle  selection  therefore  requires  careful 
consideration  of  these  factors  as  well  as  the  upstream  boattailing  effects  of  the  actual  aircraft 
design.  The  need  for  combined  aircraft  and  engine  scale  model  testing  to  evaluate  the  effect  of 
the  flow  field  in  the  vicinity  of  the  nozzle  is  important  and  should  be  done  at  the  earliest  practical 
time. 

Aerodynamic  compatibility  signifies  stall  free  operation  of  the  engine  over  a  wide  range  of  flight 
conditions.  Past  practices  have  been  to  design  the  engine  components  (e.  g.  ,  fan,  compressor, 
control  system),  with  stability  margin  based  upon  past  experience  and  assume  that  the  aircraft 
inlet  would  supply  acceptable  distortion  characteristics.  Recent  problems  with  multi-mission 
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aircraft  have  demonstrated  that  is  approach  is  not  adequate.  The  stability  margin  requirements 
for  the  engine  must  be  established  jointly  by  the  engine  and  aircraft  manufacturers  before  detailed 
design  starts.  These  requirements  are  then  assessed  and  refined  as  data  becomes  available  from 
component  and  full  scale  testing. 

The  specific  environmental  conditions  that  the  engine  will  be  subjected  to  must  also  be  considered. 

An  advanced  fighter  aircraft  engine  may  encounter  gun  gas,  rocket  exhaust  or  steam  ingestion. 

By  recognizing  these  problem  areas  during  the  initial  design  phase,  aircraft  configuration  and  engine 
design  features  can  be  defined  to  eliminate  ingestion  or  minimize  the  effects. 

The  key  steps  to  achievement  of  compatibility  can  be  summarized  as  follows: 

•  Recognition  of  potential  problem  areas  (both  engine  and  aircraft)  and  the  voids 
that  exist  in  available  data. 

•  Clear  delineation  of  responsibilities  between  the  contractors  and  with  the  Government. 

•  Initiation  of  the  program  with  a  design  for  the  airframe  and  the  engine  which  have 
a  reasonable  level  of  inherent  stability  margin. 

•  Identification  of  key  program  decision  dates  with  joint  integrated  test  programs  to 
provide  data  to  permit  the  decisions. 

•  Extensive,  early  analysis  and  testing,  plus  flexibility,  on  both  sides  of  the  interfaces 
between  the  engine  and  the  aircraft  to  readily  adjust  for  unforeseen  problems. 

•  Concise  specification  of  the  role  and  missions  of  the  planned  weapon  system. 

•  Open  and  frank  working  arrangements  between  the  engine  and  system  contractors 
management  which  directs  the  activities  to  achieve  compatibility  in  the  most  economical 
and  expeditious  way. 

Final  Selection  of  Technology 

The  technology  selected  for  the  engine  qualification  program  must  be  consistent  with  the  levels 
developed  in  the  technology  improvement  programs.  Care  must  be  exercised  in  the  selection. 
Typically,  advances  in  technology  are  first  demonstrated  in  a  laboratory  atmosphere  with  a 
configuration  designed  such  that  there  is  little  or  no  compromise  to  the  achievement  of  the  goal. 

The  next  logical  step  is  to  adapt  that  technology  for  inclusion  in  a  development  engine.  Redesign 
is  usually  necessary  since  the  environment  has  changed  from  one  that  is  h.ghly  controlled  (the 
laboratory)  to  one  (an  engine)  where  the  conditions  have  operational  variations  that  may  exceed  those 
experienced  in  the  laboratory.  The  resulting  design  changes  may  well  reduce  the  performance 
levels  achieved. 

Also  required  is  an  assessment  of  the  technology  relative  to  manufacturing  considerations.  Since 
manufacturing  cost  was  secondary  during  the  research  and  development  phases,  design  changes  are 
to  be  expected  to  allow  the  end  product  to  be  made  economically. 

The  reliability  and  durability  aspects,  as  well  as  the  technology  versus  schedule  risks,  must  be 
weighed. 


All  the  facets  of  the  program  must  be  considered  in  the  final  selection  of  technology  level  and 
compromises  made  where  necessary. 

Technology,  as  used  here,  connotes  aerothermo  as  well  as  mechanical  design,  material  and 
manufacturing  process. 

•  Aerothermo  technology  involves  the  levels  of  component  performance,  the 

choice  of  the  cycle  parameters  plus  the  consideration  of  compatibility  requirements. 

•  Mechanical  design  teclinology  refers  to  the  configuration  of  the  engine  such  as 
number  of  rotor  bearings,  number  of  frames,  rotor  construction. 

•  Material  technology  involves  the  type  of  material  used  in  the  design  such  as 
advanced  titanium  or  nickel  base  super  alloys,  filament  and  plastic  composites. 

•  Manufacturing  process  technology  includes,  among  others,  unique  welding, 
diffusion  bonding,  or  other  joining  methods. 

Obviously,  each  of  these  technologies  is  dependent  upon  the  others  to  some  degree.  Risks 
associated  with  a  challenging  cycle  selection  must  be  weighed  against  the  material  required  to 
achieve  a  sound  mechanical  design,  and  in  turn  upon  the  manufacturing  process  to  use  that  material. 


EFFECT  OF  CYCLE  TEMPERATURE  ON  ENGINE  WEIGHT 


To  illustrate  this  interdependence  of  tech¬ 
nologies,  let  us  consider  a  basic  parameter, 
engine  weight.  Since  multi-mission  aircraft 
are  relatively  short  range  and  limited  in  size, 
great  emphasis  is  placed  on  propulsion 
system  weight.  In  an  augmented  turbofan 
engine,  the  physical  size  of  the  engine  is 
determined  by  the  fan  airflow  and  fan  pressure 
ratio  required  to  achieve  the  thrust  specified 
for  each  mission  point.  Having  established 
the  low  pressure  system  size,  the  significant 
variable  remaining  relative  to  engine  weight 
is  core  size.  Core  size  is  directly  related 
to  cycle  temperature.  Figure  10  exhibits 
the  effect  of  cycle  temperature  on  engine 
weight.  It  is  clear  that  the  highest  possible 
cycle  temperature  is  desired.  The  decision, 
however,  must  consider  the  cooling  concept, 
materials  and  manufacturing  processes 
available. 

Program  success  is  dependent,  to  a  great 
degree,  on  a  well  balanced  choice  of 
demonstrated  technology  level,  that  will 
produce  a  reliable,  advanced  system,  in  a 
reasonable  time  period,  at  a  justifiable  cost. 

Engine  Size  Selection 

The  technology  level  having  been  chosen, 
including  cycle  parameters,  mechanical 
design,  materials  and  processes,  the 
final  decision  to  be  made  is  the  specific 
size  of  the  engine. 

Engine  size  is  established  by  assessing 
critical  installed  thrust  requirements 
at  key  operating  points  throughout  the  flight 
envelope.  Figure  11  illustrates  some  of 
these  requirements  plotted  as  a  function  of 
engine  thrust  or  size  and  bypass  ratio. 

These  curves  are  for  a  given  level  of 
technologies.  The  intersection  of  the  most 
severe  augmented  thrust  requirement 
(dictated  by  either  a  combat  point  or 
maximum  ceilingl  and  the  most  severe  non- 
augmented  thrust  requirement  (usually 
dictated  by  cruis<  ceiling)  defines  ihe 
minimum  size  engine  to  meet  all  require¬ 
ments. 

Engine  size,  foi  range  requirements,  is 
determined  in  a  similar  manner  considering 
the  various  missions  to  be  performed  as 
shown  on  Figure  12. 
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CRITICAL  SIZING  REQUIREMENTS  -  RANGE 
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Combining  the  thrust  sizing  and  range 
requirement  reveals  that,  in  general,  multi¬ 
mission  ai'  cr  lft  which  favor  high  levels 
of  performance  h^ve  engines  oversized  for 
optimum  ra/.g-*,  figure  13  shows  this  and 
points  oat  that  ac  in  many  things,  conflicting 
requiremerts  demand  compromise  and  that 
some  requii  ements  must  be  more  severely 
compromised  than  others. 


CRITICAL  SIZING  REQUIREMENTS  -  RANGE  A  THRUST 
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Summary 

The  development  of  a  modern  multi-mission  fighter  engine  requires  a  weapon  system  design 
approach,  with  close  integration  of  the  engine  and  aircraft  manufacturers,  to  assure  a  successful 
program.  I  have  briefly  discussed  some  of  the  key  decision  points  that  are  vital  to  such  a  program. 
The  criteria  for  full  program  initiation  is  a  total  system  defined  by  - 

•  Firm  specifications. 

•  Definitive  interface  agreements. 

•  Verified  technical  approach. 

•  Firm  schedule  and  cost. 


These  criteria  can  be  satisified  by  the  proper  system  design  process. 
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L' INTEGRATION  DU  PROPULSEUR  ET  DE  LA  CELLULE 
SUR  UN  AVION  DE  COMEAT  SUPERSONIQUE 


par  G.  de  RICHEMONT 
IngAnieur  de  synthAse  aArodynamique 
aux  AVIONS  MARCEL  DASSAULT 


Somrnalre 


L' integration  du  propulseur  et  de  la  cellule  amAne  l'avionneur  A  Atudier  des  com- 
promis  entre  des  exigences  trAs  diverses. 

Les  lddes  directrices  et  le  processus  de  dAveloppement  sont  exposes,  et  lllustrds 
par  1 'analyse  de  la  conception  et  de  Involution  des  entrees  d'air  et  arriAre-corps  des  avions 
DASSAULT.  Les  contraintes  de  dessin  sont  Agalement  illustrAes  par  des  exemples. 

Les  mdthodes  d'essals  en  vol  et  en  soufflerle  sont  presentees,  ainsi  que  les  pre¬ 
mieres  tentatlves  de  correlation  A  l'aide  de  modules  mathematiques . 


I  -  AVANT-PROPOS  - 

-  Un  avion  de  combat  moderne  est  un  compromis  entre  des  exigences  trAs  diverses  de  performances, 
de  manoeuvrability  et  d'utilisation  opAratlonnelle .  Ce  compromis  doit  8tre  realise  dans  le 
soucl  d'obtenir  la  meilleure  efficacite  dans  les  missions  types  imposees  au  depart  du  projet. 

II  apparatt  particuliArement  difficile  dans  le  cas  de  1 ' integration  moteur  -  cellule  sur  un 
avion  supersonique  dont  le  domalne  de  vol  dApasse  Mach  2,  et  qui  doit  Atre  efficace  non  seu- 
lement  comme  intercepteur ,  mais  aussi  en  mission  d'attaque  au  sol. 

-  Cette  integration  est  un  problAme  d'adaptation  qui  peut  Atre  subdivise  schematiquement  en  trois 
parties  : 

.  Adaptation  de  1'entrAe  d'air  au  propulseur. 

.  Adaptation  de  1 ' arriAre-corps  -  tuyAre  et  fuselage  arriAre  -  aux  conditions  d'Achappement  du 
Jet  propulslf. 

.  Adaptation  de  la  ventilation  aux  besoins  du  propulseur  et  de  la  tuyAre. 

Ceci  our  toute  la  gamme  des  conditions  de  vol. 

-  Cet  expose  a  pour  but  de  presenter  : 

.  les  iddes  directrices, 

.  le  processus  de  dAveloppement, 

.  les  contraintes  diverses, 

et  de  les  illustrer  par  1'exposA  de  la  conception  et  de  1'evulution  des  entrees  d'air  et 
arriAre-corps  aux  Avions  Marcel  Dassault. 


2  -  LES  IDEES  DIRECTRICES  sont  les  suivantes  : 

-  La  premiAre  consiste  A  chercher  une  solution  simple  et  1'amAliorer  sur  les  avions  suivants  en 
poursuivant  parallAlement  1 'experimentation  en  vol  et  en  soufflerie. 
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C'est  cette  continuity  de  la  technique  qui  permet  d'aboutir  avec  le  maximum  de  security  &  un 
compromls  satisfaisant  sur  l'ensemble  du  domaine  de  vol.  Nous  yvitons  done  tout  changement  ra¬ 
dical  d 'orientation  qui  conduiralt  A  une  mise  au  point  longue  et  aiyatoire.  Ce  principe  sera 
illustry  par  le  dyveloppement  des  entrees  d'air  et  arrifere-corps . 

-  La  seconde  consiste  4  dviter  la  tentation  de  se  placer  trop  prfes  d'un  optimum  qni  ne  peut  fitre 
bien  ddfini  qu'en  envisageant  un  seul  des  aspects  du  probifeme.  Nous  en  verrons  une  application 
dans  le  probifeme  des  pifeges  %  couche  limite.  Ce  principe  exclut  en  partlculler  la  conception 
d'avions  spdeiaiisds,  optimisds  pour  des  conditions  de  vol  ddtermindes,  par  exemple  d'un  avion 
conqu  pour  Mach  3  qui  ne  pourrait  y  arriver  du  fait  de  ses  caractdristiques  transsonlques . 

-  Ces  principes  vont  ?tre  maintenant  illustrds  par  la  conception  et  le  ddveloppement  des  entrees 
d'air  et  arrifere-corps  des  avions  de  combat  DASSAULT. 


3  -  LES  ENTREES  D'AIR  - 

-  La  prlncipale  fonctlon  des  entrdes  d'air  est  de  fournir  au  propulseur  le  ddbit  d'air  qu'il 
exlge  en  assurant  : 

a)  Un  bon  rendement,  tone  de  falbles  pertes  de  pr^ssion  gdndratrice. 

b)  Une  distorsion  acceptable  par  le  moteur,  c'est-A-dire  une  pression  statique  et  une  vitesse 
aussi  uniformes  que  possible  A  l'entrde  du  compresseur. 

c)  Un  niveau  de  turbulence  suffisamment  falble  fe  l'entrde  du  compresseur. 


Ces  trots  paramfetres  ddflnissent  la  quality  du  ddbit  d'air  fourni  au  propulseur, 
les  deux  dernlers  s'exprimant  sous  forme  de  critferes  variables  avec  le  motorlste,  sulvant  le 
mode  d'intdgration  choisi. 

II  faut  de  plus  : 

d)  Assurer  une  marge  sufflsante  par  rapport  au  phdnomfene  de  buzz  sur  l'ensemble  du  domaine  de 
vol,  dans  l'intervalle  de  tempdratures  prdvisibles. 

e)  Obtenir  une  tratnde  additive  suffisamment  faible. 

f)  Un  bruit  adrodynamique  de  niveau  acceptable. 


-  La  solution  simple  qui  a  dtd  adoptde  par  les  Avions  Marcel  Dassault  tout  au  ddbut  de  la  con¬ 
ception  des  MIRAGE  III  consiste  A  placer  deux  prises  d'air  semi-circulaires  A  noyau  monoconlque 

sur  les  flancs  du  fuselage,  fe  une  distance  sufflsante  pour  assurer  l'dvacuatlon  de  la  couche 
limite  dans  les  conditions  de  vol  les  plus  ddfavorables  (vues  n°  1  et  n°  2). 

-  Cette  disposition  a  dtd  conservde  non  seulement  sur  toutes  les  versions  du  MIRAGE  III  et  du 
MIRAGE  IV,  mais  aussi  sur  les  prototypes  : 

.  BALZAC  V  et  MIRAGE  III  V  fe  ddcollage  et  atterrissage  verticaux. 

.  MIRAGE  III  T  :  ler  avion  d’essals  de  turbordacteur  A  double  flux  et  A  post-combustion. 

.  MIRAGE  F  2  :  Avion  d'attaque  au  sol. 

.  MIRAGE  F  1  ;  Avion  d' interception  et  d'attaque  au  sol. 

.  MIRAGE  G  :  Avion  polyvalent. 

-  L'dvolution  de  ces  entrdes  rdsulte  d'une  longue  sdrie  d'essais  en  vol  et  en  soufflerle  : 

.  Plus  de  cent  configurations  de  pifeges  -  d'entrdes  d'air  auxllialres  -  de  disposltifs  inter¬ 
nes  -  ont  dtd  essaydes  en  soufflerie. 
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En  vol,  les  essais  ont  portd  sur  : 

Les  pifeges  a  couche  limite  :  12  configurations. 

Les  entries  d'air  auxiliaires  :  7  configurations. 

Les  dispositifs  internes  :  cloison  de  separation,  prdlfevement  autour  du  fond  de  mar  che  pour 
la  ventilation. 

Les  lfevres  des  entrdes  principales  :  un  avion  a  void  avec  des  lfevres  dpaisses. 


-  Le  ddveloppement  a  portd  surtout  sur  les  points  suivants  : 

.  L' adrodynamique  des  pifeges  a  couche  llmite  a  dtd  aradliorde.  Ces  pifeges  coroportaient  initia- 
lement  un  tolt  qui  reliait  la  partie  supdrleure  de  l'entrde  au  fuselage  ;  l’expdrlence  a 
montrd  que  ce  toit  nuisait  au  bon  fonctlonnement  du  pidge  en  rdduisant  le  ddbit  d'dvacua- 
tion  de  la  couche  llmite  et  en  crdant  des  chocs  suppldmentaires  interfdrant  avec  les  chocs 
dfls  d  l'entrde.  Ce  toit  a  done  dtd  supprimd  (vue  n°  2). 

La  largeur  du  pidge  est  dvalude,  pour  chaque  avion,  fe  partir  de  calculs  de  couche  llmite 
et  de  rdgles  pratiques  ddcoulant  de  l'expdrience  acqulse  en  vol  et  en  soufflerle.  Si  l'on 
se  plaqait  du  seul  point  de  vue  du  bllan  poussde  -  tralnde,  il  serait  possible  de  rdduire 
ldgdrement  cette  largeur,  mais  11  est  probable  que  cette  rdductlon  entralnerait  des  trou¬ 
bles  tels  que  instabilltd  de  fonctlonnement  et  niveau  de  turbulence  trop  dlevd. 


.  La  forme  des  noyaux  monoconiques  a  dtd  amdliorde,  le  but  dtant  surtout  d'dviter  un  ddcolle- 
ment  au  pied  du  choc  droit  qui  se  forme  au  voislnage  de  l'entrde. 

D'autre  part,  des  noyaux  biconiques  ont  dtd  essayds  en  soufflerle  et  en  vol  ;  cette  dispo¬ 
sition,  qui  permet  d'atteindre  des  Mach  plus  dlevds,  est  en  cours  de  ddveloppement . 

.  La  loi  de  ddplacement  du  noyau  dtait  a  l'origine  trfes  simple,  le  ddplacement  dtant  une  fonc- 
tion  llndaire  du  Mach,  sans  faire  intervenir  la  tempdrature  j  nous  avons  conservd  le  prin- 
cipe  d'un  programme  fonction  du  Mach  seul,  mais  la  loi  actuelle  se  traduit  par  une  succes¬ 
sion  de  segments  qui  permettent  de  mieux  s'approcher  de  1 'adaptation  de  l'entrde  aux  con¬ 
ditions  de  vol,  tout  en  conservant  une  marge  sufflsante  par  rapport  a  la  llmite  de  buzz  dans 
la  plage  de  tempdratures  possibles. 

,  Les  entrdes  d'air  auxiliaires  ont  dtd  aussi  fortement  amdliordes  en  travaillant  leur  posi¬ 
tion  en  profondeur  et  en  hauteur,  ainsi  que  le  ddtall  de  leur  dessin  (photo  n°  3).  Du  fait 
des  contraintes  rdsultant  de  la  structure  partlculifere  a  chaque  avion,  leurs  dimensions 
diff&rent  d'un  avion  a  l'autre,  mais  elles  se  ressemblent  beaucoup  sur  les  avions  d’une 
rndme  gdndratlon.  Ces  entrdes  auxiliaires  permettent  actuellement  d'atteindre  au  cours  du 
ddcollage  un  rendement  trfes  honorable  pour  des  entrdes  a  lfevres  minces,  ceci  avec  une  falble 
distorsion  a  l'entrde  du  compresseur. 

.  D'autre  part  des  essais  en  vol  ont  montrd  que  des  lfevres  dpaisses  apportent  un  gain  de  ren¬ 
dement  au  cours  du  ddcollage,  mais  une  perte  en  supersonique .  Nous  avons  done  conservd  des 
lfevres  minces. 

.  Enfln  l'expdrience  a  montrd  qu'une  cloison  sdparant  les  ddbits  droite  et  gauche  jusqu'a 
l'entrde  du  compresseur  n'est  ndeessaire  que  sur  les  entrdes  courtes  du  type  MIRAGE  III. 


Nous  n'indiquons  pas  les  valeurs  de  rendement  obtenues  dans  les  diffdrentes 
phases  du  vol,  parce  que  ces  chiffres  ne  reprdsentent  qu’un  aspect  de  la  rdalitd,  car  l'effi- 
cacitd  d'une  entrde  d'air  ddpend  aussi  de  sa  tralnde  additive  -  de  mSme  que  l'efficacitd  d'une 
tuyfere  ne  ddpend  pas  que  de  son  rendement,  mais  aussi  de  sa  rdpercussion  sur  la  tralnde  externe  - 
l'essentiel  est  que,  globalement,  nos  avions  soutiennent  la  comparaison  avec  les  avions  concur¬ 
rents  allids  ou  russes. 


En  conclusion,  le  ddveloppement  de  ces  entries  d'air  montre  qu'une  solution 
simple,  mais  perfectionnde  de  faqon  continue,  a  permis  d'obtenir  un  compromis  satisfaisant 
entre  les  diverses  exigences  d'alimentation  en  air  d'un  avion  de  combat  A  Mach  2. 


4  -  LES  ARRIERE -CORPS  - 

-  Nous  abordons  maintenant  le  probldme  de  la  conception  et  du  ddveloppement  de  1  'arrifere-corps , 
c'est-A-dire  de  la  tuydre  et  du  fuselage  arridre. 

Ces  deux  dldments,  qui  sont  matdriellement  bien  distincts,  sont  relids  sur  le  plan  des  perfor¬ 
mances  par  les  interactions  entre  le  propulseur  et  l'avion,  et  dventuellement  par  la  ventila¬ 
tion,  si  elle  est  rdalisde  par  des  entries  auxiliaires. 

-  La  tuydre.  qui  est  sous  la  responsabilitd  du  motoriste,  mais  qui  fait  l'objet  d'une  collabora¬ 
tion  avec  l'avionneur,  doit  satisfaire  aux  exigences  suivantes  : 

.  Adapter  la  section  du  col  aux  conditions  de  fonctionnement  du  moteur,  avec  ou  sans  post¬ 
combustion. 

.  Minimiser  la  tralnde  de  culot.  Ce  terme  mdrite  une  definition  ;  aux  Avions  Marcel  Dassault, 
il  reprdsente  la  variation  de  l'dcart  poussde  moins  tratnde  par  rapport  A  ce  que  serait  cet 
dcart  s'il  n'y  avait  pas  d ' interactions  entre  le  propulseur  et  l'avion. 

II  comprend  done  : 

a)  L'dcart  de  poussde,  par  rapport  A  la  valeur  donnde  par  le  motoriste,  qui  correspond  A  l’intd- 
grale  des  pressions  relatives  dtablies  A  l'intdrieur  du  culot. 

b)  La  tratnde  due  A  la  ventilation. 

c)  La  variation  de  tratnde  externe  due  aux  interactions  du  jet  propulsif  avec  l'dcoulement  ex- 
terne . 

-  De  plus  la  tuydre  et  son  mdcanisme  doivent  fonctionner  correctement  dans  tout  le  domaine  de 
vol,  ce  qui  suppose  que  les  temperatures  et  les  efforts  ne  ddpassent  pas  les  limitds  admises. 

-  Enfln,  l'dcoulement  doit  fitre  suffisamment  stable  pour  ne  pas  engendrer  de  buffeting  ou  de 
mouvement  brutal  de  l'avion,  ce  qui  exclut  tout  amorqage  ou  ddsamorqage  brutal. 

-  L'ensemble  de  ces  exigences  -  et  en  particulier  la  ndcessitd  d'obtenir  un  compromis  acceptable 
entre  le  vol  subsonique  sans  post-combustion  et  le  vol  supersonique  avec  post-combustion  -  a 
conduit  la  SNECMA  A  concevoir  une  tuydre  A  volets  chauds  et  volets  froids  articulds  et  relids 
mdcaniquement  par  des  bielles  (vue  n°  4).  La  tuydre  se  compose  done  en  fait  d'une  tuydre 
chaude  qui  rdgle  la  section  de  col,  et  d'une  tuydre  dite  froide  qui  agit  sur  le  taux  de  dd- 
tente  du  jet,  les  deux  dtant  du  type  multipdtales .  L'ensemble  est  actionnd  par  des  vdrins 
rdpartls  autour  du  canal  de  post-combustion  (vues  n°  5  et  6). 

-  La  section  de  col  au  rdgirae  plein  gaz  sec  dtant  beaucoup  plus  faible  qu'avec  post-combustion, 
il  s'ensult  que  le  culot  gdomdtrique  serait  trds  important  en  l'absence  de  volets  froids,  en 
vol  subsonique  -  ce  culot  dtant  l'dcart  entre  la  section  du  fuselage  au  bord  de  fuite  et  la 
section  du  col.  L1  addition  de  la  tuydre  froide  rdduit  le  culot  en  prolongeant  le  rdtreint  du 
fuselage,  et  permet  d'obtenir  une  tralnde  de  culot  acceptable,  A  condition  d'dviter  le  ddcolle- 
ment  de  l'dcoulement  externe  sur  les  volets  froids. 

-  Le  dessln  du  fuselage  arrldre  doit  permettre  de  raccorder  le  maitre-couple  du  fuselage  A  l'em- 
planture  des  volets  froids  de  faqon  aussi  continue  que  possible,  et  sans  rdtreint  exagdrd.  De 
plus,  il  faut  loger  les  dquipements  et  la  structure  de  la  z9ne  arridre,  en  particulier  les 
cadres  d' attache  des  empennages.  Le  raccordement  avec  la  tuydre  froide  se  fait  par  l'intermd- 
dlalre  d'une  membrane  souple  appelde  "marguerite"  qui  assure  le  jeu  ndeessaire  A  la  dilatation 
en  maintenant  une  bonne  continuitd. 
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-  Enfln,  la  ventilation  doit  6tre  suffisante  pour  dviter  un  dchauf fement  excessif  de  la  zOne 
arridrc,  en  partlculler  des  verins  de  commande  de  la  tuyfere  et  du  canal  de  post-combustion. 

De  plus  elle  dolt  Stre  adaptde  aux  conditions  d'dcoulement  dans  le  culot  de  faqon  &  se  rap- 
procher  de  la  tralnde  de  culot  minimum. 

-  La  mlse  au  point  de  cet  ensemble  a  ndcessit*  un  grand  norabre  d'essals  en  vol  et  en  soufflerle. 

Ces  essais  ont  eu  pour  but  : 

a)  D'une  part,  de  mieux  comprendre  les  phdnomdnes  d ' Interaction  entre  les  dcoulements  interne 
et  externe,  et  le  r81e  de  la  ventilation. 

b)  D'autre  part,  de  ddfinir  des  regies  simples  de  dessin  et  d'adaptation  de  la  tuyfere  froide  et 
du  fuselage  arrifere,  et  d'orlenter  le  ddveloppemenr  ultdrieur. 

Ils  ont  permls  en  partlculler  : 

-  De  se  rendre  compte  qu'un  ddcollement  externe  en  supersonique  n'entratne  pas  ndcessalrement 
une  augmentation  de  la  tralnde  de  culot. 

-  De  ddfinir  une  r&gle  simple  permettant  d' dviter  le  ddcollement  externe  en  subsonlque. 

-  En  vol,  les  essais  ont  portd  sur  24  configurations  diffdrentes  de  volets  frolds  rdgulds  ou  de 
viroles  fixes  -  c'est-Ji-dire  de  tuydres  froides  rigides. 

-  En  soufflerie,  prds  de  30  configurations  ont  dtd  essaydes  en  subsonique  -  15  en  supersonique, 
plus  20  actuellement  en  cours  -  (vue  n“  7). 

-  La  mdthode  et  les  moyens  mis  en  oeuvre  pour  exploiter  et  relier  ces  essais  sont  exposes  dans 
la  partie  consacrde  au  processus  de  ddveioppement  -  mals  11  faut  signaler  dds  malntenant  que 
la  correlation  des  rdsultats  obtenus  en  vol  et  en  soufflerle  n'est  pas  toujours  bonne. 

XI  paralt  probable  que  les  prlnclpales  raisons  de  ces  dcarts  entre  soufflerie 

et  vol  soient  les  sulvantes  : 

a)  La  couche  limite  en  bout  de  fuselage  est  trds  dlffdrente  sur  la  maquette  de  celle  qui  exlste 
sur  1' avion. 

b)  Les  tempdratures  du  Jet,  de  la  ventilation,  et  de  l'dcoulement  externe  ne  sont  pas  reproduites 
en  soufflerie. 

c)  Les  maquettes  utilisdes  ne  repr^sentent  que  la  partie  arridre  de  l'avion  ;  de  plus  elles  sont 
de  revolution  -  alors  que  le  fuselage  de  l'avion  ne  l'est  pas. 

d)  II  est  difficile  d'dviter  toute  interaction  du  montage  de  soufflerie  sur  l'dcoulement  de 
culot,  et  en  partlculler  sur  le  sillage. 


5  -  LE  PROCESSUS  DE  DEVELOPPEMENT  - 


-  Nous  abordons  maintenant  le  processus  de  ddveloppement .  c'est-d-dire  la  mdthode  et  les  moyens 
mis  en  oeuvre  pour  aboutir  le  plus  rapidement  possible  5  une  mise  au  point  satisfalsante  des 
entrdes  d'air  et  arridre-corps . 

5.1  -  Parlons  d'abord  des  essais  en  vol  - 

La  mdthode  utillsde  vise  &  obtenir  des  rdsultats  significatlfs  dans  le  ddlal  le 
plus  court.  Pour  cela  nous  cherchons  &  gagner  du  temps  sur  les  fabrications,  la  rdalisatlon 
des  essais,  et  leur  exploitation. 
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-  Alnsi  pour  rAdulre  les  dAlais  et  coQts  de  fabrication,  de  ncxnbreux  essais  de  cuyAres  ont 
AtA  rAalisAs  avec  des  vlroles  fixes  qui  reprAsentaient  la  configuration  de  la  tuyAre  rAelle 
rAgulAe  dans  certaines  conditions  de  vol. 

-  D'autre  part,  nous  ne  rAalisons  pas  12  prototypes,  par  exemple,  pour  Atudier  un  avion,  mala 
nous  menons  une  experimentation  continue  de  tots  les  dlspositifs  A  mettre  au  point  sur  les 
prototypes  successifs  d'avions  divers  tels  que  MIRAGE  III  A,  MIRAGE  III  T,  MIRAGE  F  2  et  F  1, 
MIRAGE  G. 

Ces  prototypes  sont  constamment  modifies,  et  l'on  profitera,  par  exemple,  des  essais  d'un 
systAroe  d'armes  pour  essayer  Agalement  une  tuyAre  fixe,  ou  une  configuration  de  plAge  A 
couche  llmite.  Cecl  permet  de  rAaliser  les  essais  dans  le  meilleur  deial. 

-  Enfin  la  methode  d'exploitation  par  ordinateurs  en  temps  reel  permet  d'obtenir  trAs  rapide- 
raent  les  rAsultats  sous  la  forme  la  plus  AlaborAe. 

L'organisation  est  la  sulvante  : 

a)  A  bord  de  l'avlon,  les  instruments  de  mesure  -  gyromfetres,  accAlAromAtres ,  capteurs  de 
pression  et  de  vibrations,  strain-gages,  etc...  -  transmettent  leurs  informations  d'une 
part  A  des  enregistreurs  magnAtiques  -  d'autre  part  directement  A  un  ordinateur  au  sol 
par  un  systAme  de  tAlAmesure. 

b)  Au  sol  : 

-  Pendant  le  vol,  certains  des  paramAtres  sont  visualises  et  traltAs  par  1  'ordinateur ,  en- 
reglstres  sur  bande  magnAtlque  -  une  partie  etant  imprimAe  A  cadence  raplde. 

-  AprAs  le  vol,  les  bandes  magnAtiques  enregistrAes  sur  1 'avion  sont  traitAes  par  l'ordina- 
teur  pour  restltuer  sous  la  forme  la  plus  utilisable  1 'ensemble  des  informations  recueil- 
llcs . 

-  Les  mesures  faites  pour  la  mlse  au  point  des  entrees  d'air  et  arriAre-corps  portent  sur  des 
presslons,  des  consummations  kilomAtrlques  en  paller,  des  temperatures  d'lmpact,  des  para- 
mAtres  gAomAtriques  tels  que  positions  des  volets  chauds  et  des  noyaux  d'entrAe  d'air,  et 
des  explorations  de  couche  limite. 

5.2  -  Parlons  maintenant  des  essais  en  soufflerle  - 
Ils  visent  deux  buts  : 

-  D’abord,  reproduire  en  soufflerie  les  configurations  essayAes  en  vol  -  mais  avec  les  diffe¬ 
rences  signalAes  prAcAdemment  -  pour  Atablir  des  comparaisons  qui  -  ainsi  que  Je  l'ai  dAjA 
dlt  -  ne  sont  pas  toujours  bonnes. 

-  Ensuite,  Atudler  de  nouvelles  configurations  que  l'on  suppose  capables  d'apporter  des  ame¬ 
liorations  . 

La  maquette  est  alimentAe  en  air  comprimA  par  l'amont  et  des  vannes  permettent  de  rAgler  la 
pression  gAnAratrice  de  l'Acoulement  prlmalre  -  c’est-A-dlre  du  jet  -  et  de  l'Acoulement 
secondalre  -  c'est-A-dlre  de  la  ventilation. 

Nous  mesurons  : 

.  les  debits  prlmalre  et  secondalre 

.  les  presslons  Internes  et  externes  sur  1' arriAre-corps 

.  les  efforts  sur  dlffArents  A1 Aments  tels  que  fuselage  arrlAre,  tuyAre  froide 
.  la  couche  limite  en  bout  du  fuselage. 
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Nous  pouvons  done  faire  certains  recoupements  entre  efforts  et  integrates  de  pression  - 
dvatuer  une  trainee  de  culot  -  puis  comparer  aux  pressions  et  &  la  trainee  de  culot  ddduite 
des  mervres  en  vol. 


.3  -  Nous  avons  ddjfe  insistd  sur  le  fait  que  les  recoupements  vol-souf flerie  ne  sont  pas  tou¬ 
jour  s  bons. 

La  decision  rue  nous  avons  prise  pour  remedier  &  ce  defaut  de  correlation  conslste  4  inves- 
tir  dans  le  domaine  thdorique  pour  arriver  4  un  modfele  mathdmatlque  qui  permette  de  retrou- 
ver  avec  une  approximation  suffisante  les  rdsultats  d'essais  en  vol  et  en  soufflerie.  Cette 
methode  nous  paralt  la  seule  valable  pour  interpreter  ces  essais,  c'est-4-dire  pour  en  ti- 
rer  des  conclusions  sdrieuses. 


Ces  modfeles  sont  actuellement  en  cours  de  developpement .  Xls  comprennent  : 


a)  Pour  les  entrees  d'air,  un  programme  de  calcul  de  l'ecoulement  non  visqueux  par  la  me¬ 
thode  des  caractdristiques,  et  un  programme  de  calcul  des  couches  limites. 

b)  Pour  les  arrifere-corps ,  un  programme  de  calcul  d'un  culot  non  amorce  en  vol  supersonique 
et  un  programme  de  calcul  d'djecteurs. 


Ces  derniers  programmes  tlennent  compte  des  interactions  vlsqueuses  entre  les  ecoulements 
Internes  et  externes.  11s  se  basent  sur  les  theories  du  melange  turbulent  isobare  et  du 
recollement  turbulent  supersonique. 


Ils  permettent  egalement  de  calculer  un  dventuel  decollement  de  l'ecoulement  exteme  dQ 
au  choc  de  bord  de  fuite,  et  d' analyser  ses  consequences  sur  la  trainee  de  culot. 


C'est  ainsi  que  nous  avons  constate  qu'un  decollement  exteme  en  supersonique  n'est  pas 
forcement  nuisible. 


Ces  programmes  ont  ete  testes  sur  certaines  des  configurations  essaydes  en  vol  et  en 
soufflerie,  et  les  rdsultats  sont  assez  encourageants . 


Ndanmoins,  les  theories  existantes  ne  permettent  pas  d'etudier  un  certain 

nombre  de  probifemes  tels  que  : 

a)  L'ecoulement  autour  d'un  culot  en  vol  subsonique  ou  transsonique . 

b)  Les  decollements  en  vol  subsonique  sur  un  fuselage  ou  une  entree  d'air,  en  particulier 
leur  structure. 

c)  La  determination  de  la  frontifere  d'un  Jet  non  visqueux  issu  d'un  convergent  tronconlque. 

d)  La  z8ne  de  recollement  supersonique  sur  une  parol  sollde  ou  flulde  -  et  ce  qui  se  passe 
quand  le  recollement  est  perturbd  -  ce  qui  paralt  le  cas  quand  on  a  affaire  6  un  djecteur 
court. 


Nous  souhaitons  done  que  les  spdcialistes  de  ces  questions  arrivent  4  cons- 
truire  des  theories  qui  permettent  d'aboutir  4  un  modfele  reprdsentant  ces  phdnomfenes  avec 
une  precision  suffisante. 

Nous  insistons  en  particulier  sur  les  probifemes  que  posent  les  culots  en  vol 
subsonique  et  transsonique,  oh  l'absence  d'outils  de  travail  thdorique  compiique  la  tSche 
de  I'avionneur,  en  affectant  les  previsions  d'une  forte  marge  d'erreur. 


-v,;  Mm, V;CT  t  ■■••in. 
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6  -  LES  CONTRAINTES  - 


-  Nous  abordons  maintenan'  1 'expose  de  certains  facteurs  limitatifs  ou  lmpdratifs  qui  amfe- 
nent  l'avlonneur  A  des  compromis,  ou  &  des  choix,  dans  1 'integration  du  propulseur  et  de 
la  cellule  et  qu'on  peut  appeler  des  contraintes. 

Les  prlnclpales  contralntes  restreignant  la  llbertd  de  dessln  des  entrees  d'air  et  arrifere- 
corps  sont  imposees  par  1 'organisation  et  la  structure  de  1' avion. 

Ainsl  le  logement  du  train  d'atterrissage  principal  dans  le  fuselage  compiique  le  dessin 
des  canaux  d'entrde  d'air,  qui  guident  la  diffusion  depuis  1 'entree  proprement  dite  jus- 
qu'au  compresseur. 

-  De  mfime  les  cadres  d' attache  des  empennages  horizontaux  et  verticaux  imposent  des  con¬ 
traintes  au  dessln  de  la  partie  arriire  du  fuselage. 

Nous  nous  sommes  efforcds  de  rdduire  le  diamfetre  extdrieur  de  ces  cadres,  afin  d'eviter 
de  dessiner  un  fuselage  arrifere  trop  retreint,  qui  pourrait  dans  certaines  conditions  de 
vol,  amener  une  augmentation  de  la  trainee  de  culot. 

-  Mais  les  imperatifs  de  la  sdcuritd  peuvent  aussi  dieter  certains  choix  -  par  exemple,  la 
ventilation  de  la  zflne  arri&re  du  rdacteur  etait  assurde  autrefois  par  des  prises  d'air 
auxiliaires,  appeldes  dcopes  -  or  1 'experience  a  montrd  qu'en  cas  de  fuite  de  carburant, 
il  pouvait  arriver  que  du  pdtrole  soit  avale  par  ces  dcopes,  ce  qui  entralne  des  risques 
d'lncendie.  Nous  avons  done  remplacd  les  dcopes  par  des  prises  de  ventilation  sur  la 
manchc  d' alimentation  du  rdacteur,  autour  de  l'entrde  du  compresseur  -  alors  que  sur  cer¬ 
tains  avions,  les  dcopes  sont  mleux  adaptdes  si  la  presslon  du  culot  reste  peu  dlevde 
dans  tout  le  domaine  de  vol. 

-  Enfin,  les  exigences  concernant  les  poids  et  leurs  repercussions  sur  le  centrage  nous 
ont  conduit  A  dliminer  certains  dlspositifs  lourds  d ' arrifere-corps,  par  exemple  les 
"blow-in-door"  du  TF  30. 


7  -  CONCLUSION  - 


Une  mdthode  d'lntdgration  du  propulseur  et  de  la  cellule  a  dtd  prdsentde,  et 
illustrde  par  l'analyse  de  la  conception  et  du  ddveloppement  des  entrees  d'air  et  arrifere- 
corps  aux  Avions  Marcel  DASSAULT. 

Nous  ne  pretendons  pas  que  cette  mdthode  soit  la  meilleure,  mais  son  efficacitd 
est  ddmontrde  par  la  rapiditd  de  realisation  et  la  competitivlte  des  avions  DASSAULT.  Nous 
pensons  de  plus  que  les  solutions  simples  qui  ont  ete  developpees  constituent  un  bon  com- 
promis  pour  un  avion  de  la  classe  Mach  2  +,  sous  l'angle  d'une  efficacite  globale  dans  les 
missions  d'interception,  de  police  du  ciei,  et  d'attaque  au  sol. 

Nous  insistons  enfin  sur  le  souhait  concernant  le  developpement  de  theories 
permettant  d'etudier  1 'ecoulement  sur  les  arrifere-corps  en  vol  subsonique  et  transsenique . 
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Summar 


The  aircraft  designer  is  obliged  by  analysing  carefully  the  specific  requirements 
to  present  an  optimum  approach  to  a  weapon  system  within  a  reasonable  number 
of  iterations.  Therefore  more  accurate  data  are  requested  from  all  concerned 
scientific  departments.  Especially  for  optimizing  the  structure  better  knowledge 
of  weight  prediction,  materials,  design  research  and  production  methods  should 
be  available.  These  problems  will  be  discussed  by  means  of  a  number  of  examples, 
some  development  trends  will  be  demonstrated  and  in  summing  up  recommenoations 
will  be  issued  pointing  out  in  which  way  and  by  what  means  preliminary  design 
with  special  attention  to  structural  design  should  be  improved. 


Sommaire 


L'ingdnieur  rdalisant  des  projets  a  ('obligation  d'analyser  avec  soin  les  caractdristiques 
exigdes  et  ensuite,  par  des  quelques  procddds  itdratifs,  de  soumettre  un  systfcme  d'armes  qui 
presente  I'optimum.  Des  informations  plus  exactes  de  tous  les  domaines  d'activite  - 
en  particular  sur  le  domaine  du  calcul  de  masse,  des  etudes  du  materiel,  des  recherches 
de  construction  et  de  la  production-  sont  imperatives  pour  I'optimalisation  de  la 
structure.  Ces  exigences  sont  discutdes  au  moyen  d'une  suite  des  exemples,  et  quelques 
tendances  d'dtude  sont  indiqudes.  Finalement,  des  recommandations  sont  exprimdes  au 
sujet  de  la  manidre  et  des  moyens  perfectionnds  qui  devroient  servir  6  approfondir  les 
travaux  de  pro  jet. 
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1 .  Introduction 

Within  the  scope  of  this  paper  and  in  adherence  to  the  given  theme  I  shall  try  to  define  the 
requirements  based  around  the  structural  design  of  an  aircraft  and  to  establish  some  guiding  principles 
foi  realization  of  military  aircraft.  In  doing  so,  emphasis  will  be  placed  on  the  design  of  fighter-type 
aircraft. 

Fundamentally  the  requirement  to  be  met  by  the  aircraft  structure  is  the  following  one  : 

The  structure  must  withstand  the  specified  ultimate  loads  and 
it  must  take  the  loads  imposed  in  operation  during  its  scheduled 
life  without  fatigue  (  1  ), 

The  weight  of  thr  structure  must  be  kept  at  a  minimum  which 
can  only  be  achieved  by  finding  an  optimum  structural  lay-out 
and  by  loading  all  members  of  the  structure  os  specified. 

Optimum  cross-sections  should  be  .  fleeted  for  stiffness  and  strength 
reasons  and  the  structural  design  should  avoid  stress  concentrations 
to  meet  the  specified  fatigue  life  with  minimum  weight  imposed. 

Independent  of  their  specific  performance  requirements,  advanced  fighter-type  aircraft  have  some 
general  features  in  comricn.  They  are  aircraft  with  an  average  life  time  of  3000  to  6000  hours  which 
in  consideration  of  their  maneuverability,  are  subject  to  high  g-loads  (6g  to  8,33  g)  especially 
at  low  level,  are  subject  to  severe  gust  loads,  and  consequently  are  at  a  low  stress  level  when  cruising. 

During  their  mission  most  of  these  aircraft  are  flying  at  transonic  anej/or  supersonic  speeds  and  their 
skin  therefore  is  subject  to  kinetic  heating.  On  account  of  the  high  thrust  installation  especially  in 
STOL  or  VSTOL  configurations  with  integrated  thrust  reverser  or  thrust  deflection  and  also  when  guns 
are  fired,  these  aircraft  are  subject  to  severe  sonic  loads. 

i 

Fighter-type  aircraft  are  expected  to  operate  at  a  high  degree  of  cost  effectiveness.  They  therefore 
require  being  designed  for  smallest  wettod  area,  maximum  utilization  of  available  volume  and  high 
installation  density,  but  at  the  same  time  excellent  accessibility  for  maintenance  purposes  should  be 
provided. 


Hence  it  follows  that  the  structure  of  such  on  aircraft  is  temporarily  subject  to  high  stresses,  heat  loads 
and  sound  admission,  and  that  in  consideration  of  service  life  and  high  installation  density  this 
structure  should  be  made  being  reliable  and  maintenance  free  or  at  least  nearly  so. 
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2.  Minion  analysis  ond  load  cri-erjo 


A  careful  analysis  of  the  specified  mission  profile  will  supply  the  design  engineer  with  information 
about  the  number  and  magnitude  of  g-loads  the  aircraft  has  to  withstand,  and  where  local  stress- 
concentrations  have  to  be  assumed,  e.g.  caused  by  gun  firing  or  weapon  delivery.  A  typical  fighter- 
type  aircraft  load  spectrum  given  in  fig.  1  for  a  flight  time  of  1000  hours  at  sea  level  shows  e.g.  the 
expected  load  cycles  leading  to  fatigue  expressed  as  load  factors  plotted  against  cumulative  frequency. 

Naturally  these  combined  gust  and  maneuver  loads,  to  which  crew  ond  aircraft  are  exposed,  will 
increase  as  the  flight  level  of  the  mission  is  lower,  the  speed  is  higher,  and  the  wing  loading  at  equal 
lift  characteristic  is  lower. 

At  higher  speeds  depending  on  the  flight  level,  with  VSTOL  aircraft  also  on  account  of  direct  jet 
admission,  the  skin  of  the  aircraft  may  be  heated  up  to  such  a  degree  that  the  strength  of  the  material 
is  reduced. 

Fig.  2  shows  two  typical  examples,  one  the  temperature  occuring  locally  on  the  structure  of  an  aircraft 
at  vertical  take-off  in  ground  proximity,  and  the  other  one  the  skin  temperature  of  an  aircraft  flying  at 
different  flight  levels  and  at  variable  Mach  numbers.  Accordingly  temperatures  up  to  430°  C  at  VTO 
or  temperatures  from  160°  C  at  M  —  2, 2  to  335°  C  at  M  =  3  may  develop  during  the  mission  whatever 
speed  the  aircraft  is  scheduled  to  fly. 

Furthermore  sound  pressure  distributions  are  to  be  expected  in  flight  as  shown  e.g.  in  fig.  3  for  a  STOL 
aircraft  wher  afterburner  are  lit  or  unlit  and  when  guns  are  fired,  or  for  a  typical  VSTOL-aircraft 
according  to  fig.  4  at  conventional,  short  and  vertical  take-off.  The  sound  pressure  occuring  are  of 
a  magnitude  from  160  to  175  db  and  they  can  result  in  fatigue  after  a  very  short  time,  especially  in 
joints  if  the  structure  is  not  adequately  dimensioned  or  shaped  (  2  ). 


3.  Task  of  the  design  engineer 

It  is  the  task  of  the  design  engineer  in  cooperation  with  the  project  analysis  engineer  to  investigate  the 
military  requirements  and  to  select  specified  aircraft  qualities,  to  establish  design  objectives  and  on 
the  basis  of  these  to  submit  the  design  for  the  aircraft  in  question  with  only  a  few  iterations.  For  this 
purpose  he  analyses  and  optimizes  the  aircraft  according  to  the  total  system-principle  and  not,  as  often 
done  in  the  past,  by  dealing  with  and  optimizing  aerodynamic  or  engineering  details  as  isolated  problems. 
During  this  process  specialists  often  have  to  tolerate  that  their  particular  demands  wili  be  abandoned 
and  replaced  by  compromises  in  favour  of  the  overall  optimum. 


The  flow  of  a  typical  design  process  according  to  (  3)  may  be  seen  in  fig.  5  which  illustrates  in 
plausible  form  the  flow  of  design  and  iteration  loops  whereas  in  fig.  6  the  flowchart  of  a  structural 
weight  determination  of  the  first  level  is  demonstrated.  Aside  from  the  fact  that  nowadays  the  design 
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engineer  it  capablo  of  carrying  out  such  an  optimization  calculation  in  a  short  tlmo  with  the  aid  of 
a  digital  computer,  the  results  on  one  hand  are  directly  depending  on  the  accuracy  of  inputs,  e.g. 
aerodynamic  data  and  on  the  other  one  on  the  reliability  of  a  number  of  partial  optimization  processes, 
e.g.  weight  determination.  The  still  existing  uncertainty  in  predicting  structural  weights  of  advanced 
aircraft  by  considering  specific  loads  like  sound,  temperature  and  the  progress  of  material  development 
is  still  the  greatest  problem  to  the  design  engineer.  Even  if  concededly  excellent  achievements  have 
been  made  in  this  field  during  the  last  years,  it  is  here  where  future  efforts  should  be  concentrated. 

The  subprograms  for  the  weight  calculation  must  be  of  sufficient  variation  width  so  that  in  case  of 
changes  of  performance  requirements  by  means  of  the  lay-out  program  the  aircraft  may  be  scaled 
sufficiently  accurate  and  growth  factors  (4)  (5)  (6)  can  be  determinated,  which  are  very 
important  for  evaluation  of  the  design. 

Since  the  design  engineer  is  urged  to  submit  a  design  which  upon  changes  in  performance  or  in  case 
of  added  weight  shows  the  slightest  possible  and  not  an  avalanche  of  effects  in  return,  he  must  be 
furnished  with  accurate  and  improved  methods  which  enable  him  to  prove  his  point. 

Giving  a  typical  example,  in  fig.  7  the  difference  in  growth  factor  quantities  can  already  be  seen 
according  to  the  fact  that  the  aircraft,  which  fixed  weights  are  varied,  are  CTOL  or  VSTOL  types. 

The  VSTOL  growth  factor  is  greater  since  weight  increase  effects  a  greater  number  of  aircraft 
components  in  a  more  critical  manner. 


4.  Structural  optimization  and  produceability 


The  structure  optimization  of  military  aircraft  also  must  be  effected  from  the  total  system  angle 
considering  especially  the  requirements  for  maintainability,  reliability,  vulnerability  and  the  specific 
loads  mentioned  before. 


Actual  selection  of  the  type  of  construction  strongly  depends  on  the  following  problems  s 


1  -  load  spectrum  (  which  means  forces,  moments,  sound,  heat,  duration  of  mission  ) 

and  stiffness  criteria 

2  -  Produceability  effected  by 

production  methods  available  and  production  cost, 
breakdown  into  assemblies  for  logistic  reasons  and 
materials  available 

3  -  installation  of  equipment  and  maintainability  especially  with  respect  to 

routine  maintenance  free  or  nondestructive  inspection 
accessibility 

4  -  failure  probability  (  which  means  safe-life  or  fail-safe  to  be  considered  )  and  vulnerability 
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Hence  it  follows  that  structure  optimization  and  selection  of  the  type  of  construction  must  be 
accomplished  with  an  eye  on  real  disturbances  like  cutouts  for  doors  and  panels,  joints,  excentri cities 
etc.  To  this  fig.  8  and  9  show  a  few  examples  of  aircraft  the  structure  of  which  had  to  be  suitably 
broken  up  only  to  provide  access,  and  in  fig,  10  it  can  be  seen  by  some  characteristic  sections  what 
installation  density  often  interferes  with  structural  optimization. 

It  is  interesting  to  note  that  again  and  again  cutouts,  e.g.  access  panels  for  maintenance  purposes  have 
to  be  provided  after  the  structural  assemblies  have  been  frozen  and  thus  the  selected  optimum  structural 
design  is  rendered  ineffective.  In  order  to  obtain  a  reliable  structure,  the  principles  of  fail-safe  and 
safe-life,  respectively,  naturally  must  be  considered  and  this  with  increased  strictness  if  the  aircraft 
on  its  intended  sorties  will  permanently  be  exposed  to  enemy  threat. 

The  continously  required  struggle  for  minimum  weight  taking  into  account  required  reliability  and  that 
production  methods  are  available  is  reason  to  realise  that  the  percentage  of  integrated  parts  made  by 
machining,  pressing  or  precision  costing  is  steadily  increasing  which  fact,  e.g.  is  illustrated  in  fig.  11 
with  some  of  the  structural  components  of  the  VAK  191  B. 

However,  more  concentrated  efforts  are  necessary  to  develop  almost  notch-free  joints  in  order  to  obtain 
a  better  utilization  of  the  material.  This  includes  also  improved  welding  methods  like  electron  beam  or 
LASER  welding  and  a  foolproof  quality  control. 

As  a  tight  bottleneck  in  reliable  realization  the  sonic  loaded  structure  still  must  be  considered.  Although 
these  are  useful  and  accurate  calculation  methods  (  7  )  for  the  determination  of  sound  pressure 
distribution  on  the  ground  and  in  flight  available,  there  is  a  lack  of  test  results  for  flat,  curved,  double 
curved,  stiffened  or  sandwich  skin  panels.  These  results  are  unobtainable  in  reasonable  time  on  account 
of  the  enormous  scope  of  tests  involved.  Therefore  appropriate  calculation  methods  should  be  developed. 
To  this  day  there  are  not  sufficient  data  sheets  for  sound  loaded  structures  or  corresponding  airworthiness 
requirements  available.  Regular  checks  of  sound  field  distribution  and  determination  of  sound  pressure 
loads  by  strain  gages  and  microphones  in  airborne  aircraft  are  necessary  to  varify  calculated  data. 


5.  Material  development 

The  aircraft  designer  wants  for  airframe  optimization  long-life  materials  which  must  be  of  light  weight, 
flexible,  of  high  strength,  temperature  resistant,  crack  resistant,  corrosion  resistant,  and  possibly 
weldable.  The  basic  material  now  as  before  is  aluminum.  This  material  todoy  has  been  developed  to  high 
static  strength  values  but  without  attaining  contemporarily  a  significant  improvement  of  its  response  to 
fatigue.  High-strength  aluminum  therefore  must  be  developed  to  better  ductility  and  in  improved 
response  to  crack  propagation  and  stress  corrosion  which  leads  to  a  longer  life  before  it  con  be  used 
with  a  corresponding  weight  saving. 
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This  naturally  applies  preponderantly  to  almost  notch-free  integral  components  with  high  tensile 
stress  levels  where  an  improvement  of  material  life  really  pays  off. 

Titanium  alloys  with  good  properties  in  form  of  weldable  sheet  metal  or  forging  material  or  with  still 
improved  temperature  resistance  will  be  available  to  a  greater  extent  and  result  in  a  reduction  of 
airframe  weight.  If  30%  of  the  airframe  weight  are  titanium,  the  structural  weight  is  reduced  by 
approximately  10  per  cent.  (  8  ) 

As  far  as  hot  and  cold  working  as  well  as  weldability  and  stress-corrosion  of  titanium  alloys  is  concerned, 
they  must  be  improved. 


With  steel  and  steel  alloys  conti nously  advanced  properties  may  be  expected.  Steel  showing  a  static 
strength  up  to  200  kp/mm  also  in  forgings  will  be  on  the  market  before  long,  but  the  fatigue  strength 
as  well  should  be  improved.  Highly  heat-resistant  nickel  alloys  with  good  creep  behaviour  and  good 
deformation  behaviour  are  available  and  suitable  for  aircraft  speeds  up  to  the  equivalent  of  M  =  7. 


Beryllium  at  present  is  an  attractive  new  material,  one  third  less  weight  than  aluminum  (  8  ) 
withstanding  up  to  430°  C  without  loss  of  strength,  as  yet  only  lacking  ductility.  The  material  is 
rather  expensive  and  its  ductility  may  be  improved  by  fiber-reinforcement. 


That  points  to  the  probably  most  promising  trend  in  material  development,  to  composite  materials.  Best 
known  are  glass-fiber,  carbon-fiber,  and  baron-fiber  compound  materials.  Depending  on  fiber  orientation, 
the  weight  of  the  two  latter  ones  may  be  15  per  cent  leu  than  that  of  aluminum  (  9 )  and  their  strength 
two  times  that  of  titanium  alloys.  Structural  weight  savings  between  30  and  40  per  cent  are  predicted 
for  the  future  HO). 


While  glass-fiber  reinforced  plastic  components  today  may  be  looked  upon  as  seldom  stressed  but  well 
established  nonstreued  construction  elements,  the  progreu  of  carbon-fiber  and  boron-fiber  compound 
materials,  apart  from  a  few  test  applications  is  of  some  importance  only  in  engine  construction  but 
still  slow  in  airframe  construction.  As  example  in  fig.  12  the  carbon-fiber  compound  material  Hyfii,  so 
far  well  proved  in  engine  construction,  is  shown  with  its  properties  plotted  against  per  cent  fiber 
content  (  11  ).  Apparently  all  the  difficulties  which  arose  in  producing  compound  materials  have  not 
yet  been  overcome,  and  it  will  be  in  particular  the  change  in  production  method  which  will  concern 
some  aircraft  manufacturers  with  respect  to  their  park  of  NC-machines.  In  addition  the  application  of 
compound  materials  requires  more  engagement  in  detail  design  studies  especially  where  joining 
elements  are  concerned. 


Cause  for  alarm,  however,  gives  the  fact  (  7  )  that  the  behaviour  of  the  materials  under  sound 
pressure  loads  practically  is  known  only  for  aluminum  whereas  there  exists  a  practically  complete  lack 
of  such  knowledge  for  titanium,  steel,  beryllium  and  the  before  mentioned  compound  materials. 


Finally  the  designer  must  be  interested  in  the  way  in  which  the  materials  selected  by  him  can  be 
tested  and  controlled  even  in  processed  condition,  too.  Nondestructive  testing  of  materials  and  joints 
and  inspection  for  cracks  and  corrosion  by  X-ray  or  ultrasonic  methods  are  therefore  of  particular 
increasing  importance.  Standardized  regulations  for  recommended  test  methods  are  therefore  to  be 
established  and  should  be  observed  already  in  detail  design  to  ensure  adequate  accessibility  (  12  ). 


The  development  of  advanced  military  aircraft  does  not  only  lead  to  application  of  new  materials  but 
also  to  the  use  of  new  detail  design  components  the  application  of  which  if  not  thoroughly  studied 
might  involve  some  risk  for  the  development  program. 

Prior  to  the  use  of  new  detail  design  elements,  the  design  engineer  therefore  is  compelled  o  request 
and  conduct  broad-based  studies  in  order  to  eliminate  taking  any  risk  at  all.  Generally  these  studies 
should  show  trade-off  character  and  have  to  be  conducted  along  with  corresponding  structural  tests  to 
obtain  a  basis  of  sufficient  broadness  for  evaluation  purposes.  As  example  several  typical  representative 
new  components  are  dealt  with  in  the  following. 

Here  belongs  for  example  the  "safe-life"  swing-wing  bearing  of  an  advanced  strike  aircraft  shown  in 
fig.  13  or  the  integrated  thrust  reverser  of  the  same  aircraft  shown  in  fig.  14.  Both  parts  are  vital 
elements  of  the  aircraft  the  failure  of  which  might  result  in  fatal  consequences. 

Aside  from  aerodynamic  or  thermodynamic  studies,  the  form  of  design  is  mainly  to  be  varified  by  early 
detail  design  investigations  and  functional  and  fatigue  tests.  The  same  applies  to  VSTOL  aircraft  where 
combined  thrust  deflectors  /  air  brakes  as  shown  in  fig,  15  are  required  which  in  addition  to  aerodynamic 
loads  have  to  take  up  high  thermal  stresses.  In  the  same  category  of  aircraft  to  be  seen  in  fig.  16, 
airbleed  control  systems  are  used  which  are  fed  by  high-pressure  air  from  the  engine  system;  they  are 
subject  to  thermal  and  compressive  stresses,  occupy  much  volume  for  their  installation  and  must  be 
matched  to  given  aircraft  contours  (  13  ). 

In  consideration  of  increasing  performance  requirements  and  thus  high  sound  pressure  and  heat  loads, 
paying  attention  to  excellent  accessibility  for  good  maintainability,  and  also  for  reasons  of  prolonged 
exposure  to  enemy  threat  and  thus  resulting  vulnerability,  the  trend  in  development  of  structures  for 
future  fighter-type  aircraft  which  possibly  may  have  to  follow  a  ballistic  flight  path,  too,  will  be  as 
indicated  in  the  following. 

The  stressed  structure  and  as  shown  in  fig,  17  especially  that  of  fuselages  increasingly  will  be  moved 
beneath  the  skin  towards  the  interior  where  it  is  shielded  from  heat.  In  this  way  the  fuel  tank  bays 
simultaneously  will  be  located  more  inwardly,  and  the  outer  areas  will  be  used  for  installation  of 
subsystems,  joining  of  heat  loaded  secondary  structure  or  attachment  of  doors  and  panels. 


7.  Conclusion  and  recommendation 

Fpr  optimization  of  a  weapon  system  and  in  particular  realization  of  an  aircraft  structure  in  future  the 
design  engineer  to  a  larger  extent  should  be  provided  with 

a  )  better  inputs  from  aerodynamics  and  flight  mechanics  in  nondimensional 
form,  if  not  determined  by  tests  then  from  a  wide  data  bank  , 

b )  quick  and  accurate  methods  for  load  criteria  prediction  and  methods  to  analyse 
their  impact  on  the  aircraft  configuration  , 

c  )  improved  methods  for  weight  prediction  and  weight  control  including 
retroaction  on  costs  and  flight  performances  , 

d  )  aircraft  lay-out  programs  with  sufficiently  spread  weight  subprograms  to  enable 
determination  of  basic  configuration  and  growth  factors  , 

e  )  clearly  defined  maintenance  criteria  and  models  , 

f)  reliability  criteria, 

g  )  models  of  enemy  threat  to  be  considered  , 

h  )  better  information  about  new  materials  not  only  with  respect  to  the  static 

properties  but  with  respect  to  fatigue  strength  and  the  corresponding  information 
concerning  corrosion,  ductility  etc, 

i )  clear  information  on  available  construction  methods  and 

k  )  general  instructions  as  to  produceability. 


It  is  necessary  to  computerize  these  information  as  far  as  possible  so  that  they  ore  at  the  disposal  of  the 
design  engineer  on  his  call. 
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FIG.  6  STRUCTURAL  WEIGHT  FLOWCHART 
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FIG.  11  INTEGRAL  STRUCTURAL  COMPONENTS 
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FIG.  14  INTEGRATED  THRUST  REVERSER 
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LOAD  ESTIMATION  AND  AEROBLASTICITY  IN  THE 
INITIAL  STASES  0?  ADVANCED  COMBAT  AIRCRAFT  DESIGN 

by 

B.  J.  BEELE,  Brltiah  Aircraft  Corporation  Llmltad 
Praaton  Divialon,  D.  K. 


3  D  H  H  A  R  T 


Within  the  areas  of  load  estimation  and  aeroelasticity,  tha  essential  naada  during  tha  initial  design 
stages  of  an  aircraft  am  tha  rapid  provision  of  raalistic  loading  inforaation  and  tha  azartion  of  a 
favourabla  aaroalastie  influanca  on  tha  dasign.  This  pap ar  examinee  thasa  naada  for  tha  tasks  of  load 
aatiaation  and  aeroelasticity  in  tar as  of  thma  basic  staps,  namely,  data  acquisition,  aircraft  stabi¬ 
lity  assasaaant  and  msponsa  calculations,  with  apacial  rafaranca  to  tha  problaas  poead  by  typical  ad¬ 
vanced  coabet  aircraft  configurations  and  requirements.  Tha  dasign  of  such  aircraft  highlights  tha 
need  for  an  approach  which  integrates  tha  various  aerodynasic  and  structural  disciplines,  with  tha  najor 
problem  being  the  acquisition  of  aerodynasic  data,  particularly  for  loading  purposes. 
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INTRODUCTION 


The  tank a  of  load  estimation  and  aaroalaatieity  ara  not  fundamentally  dlfferant  for  a  particular 
type  of  aircraft,  but  tha  daslgn  of  an  advanced  combat  aircraft  does  emphasis*  certain  feature* 
of  the  work.  This  emphasis  sterna  either  directly  fro*  the  operational  requirements,  typical  for 
such  an  aircraft,  or  indirectly  fro*  the  type  of  configuration  which  results  fro*  satisfying 
these  requirements. 

The  circumstances  which  prevail  during  the  initial  design  stages  of  an  aircraft  also  affect  the 
nature  of  the  work  undertaken.  There  is  seldo*  a  predictable  pattern  of  events  during  this 
evolutionary  period:  the  elapsed  time  and  the  changes,  both  in  configuration  and  requirement,  can 
vary  tremendously  from  one  project  to  another. 

Thus,  before  discussing  the  technical  needs  for  the  load  estimation  end  aeroelastic  tasks  on  an 
advanced  combat  aircraft,  this  report  first  attempts  to  identify  certain  objectives  for  the 
initial  design  stages.  The  techniques  and  resources,  available  for  the  fulfilment  of  both  these 
aspects  in  conjunction,  are  then  reviewed  and  the  important  deficiencies  highlighted. 


LOAD  ESTIMATION  AND  AEROELASTIC  IT  Y  DURINO  THE  INITIAL  DESIGN  STAGES 


2.1  General  Objectives 

The  primary  objective,  which  confronts  the  loading  engineer  during  the  initial  design  stages, 
is  the  rapid  provision  of  realistic  quantitative  quasi-static  loading  information,  keeping 
in  step  with  configurational  changes.  There  is,  however,  a  further  and  more  positive  ob¬ 
jective  which  is  often  overlooked.  This  is  the  minimisation  of  the  loads  on  the  major  com¬ 
ponents  of  the  aircraft.  The  fulfilment  of  this  objective  is  generally  consistent  with  de¬ 
signing  for  good  stability  and  control  characteristics.  Thus,  if  large  loads  are  predicted 
within  the  required  fligit  envelope,  or  rapidly  increasing  loads  are  predicted  on  the 
boundaries  of  the  envelope,  then  alleviation  by  configurational  changes  should  be  investi¬ 
gated,  as  an  alternative  to  increased  structural  strength. 

The  objectives  confronting  the  aeroelastician  are  the  rapid  provision  of  quantitative  quasi- 
static  aeroelastic  information  (suitable  for  both  loading  and  stability  and  control  pur¬ 
poses)  and  assessment  of  the  aircraft’s  flutter  characteristics  and  any  significant  associa¬ 
ted  dynamic  problems.  Steaming  from  these  aeroelastic  investigations  will  come  recommenda¬ 
tions  for  stiffness,  mass  balance,  damping  or  choice  of  configuration.  The  latter  recom¬ 
mendation  will  cover  items  such  as  planform  shape,  storm  position  and  sensor  .ing,  for 
any  automatic  flying  control  systems.  The  primary  aim  of  the  aeroelastician  ,  therefore, 
to  exert  a  favourable  aeroelastic  influence  on  the  design,  in  reconcilin’-  .«.•  .ith  other 
design  considerations.  Early  involvment  in  the  design  cycle  is  the  most  errective  way  of 
achieving  this  objective. 

2.2  The  Pattern  of  Work 


In  the  initial  design  stages,  it  is  obviously  impossible  to  supply  full  information  on  the 
loads  or  aeroelastic  characteristics  for  every  current  configuration.  To  fulfil  the  broad 
objectives,  it  thus  becomes  necessary  to  identify  or  impose  a  pattern  for  any  work  under¬ 
taken,  before  specific  tasks  can  be  defined.  Two  classes  of  configuration  are  therefore 
recognised,  the  short  duration  configuration  and  the  long  duration  configuration.  At  the 
outset,  any  configurational  change  must  obviously  be  regarded  as  being  of  short  duration, 
although  in  the  event,  it  may  prove  to  be  a  long  on*.  On  other  occasions,  the  duration 
of  a  particular  configuration  may  be  deliberately  sustained,  even  though  it  is  not  current. 
By  this  means  the  more  detailed  descriptions  of  a  project,  which  are  associated  with  a  long 
duration  configuration,  can  be  obtained  at  suitable  intervals.  This  provides  the  necessary 
basis  for  work  in  areas,  such  as  load  estimation  and  aeroelasticity,  which  demand  fairly 
comprehensive  data  in  order  to  proceed.  A  further  distinction  in  the  pattern  of  work  can 
be  drawn  between  the  quantitative  items  of  loading  and  aeroelastlcs,  which  define  the  quasi - 
rigid  aircraft  characteristics  and  design  the  structure,  and  the  more  qualitative  nature  of 
certain  flutter  and  dynamic  problem  investigations.  Whatever  the  duration  of  the  configura¬ 
tion,  some  standard  of  information  will  normally  be  required  for  all  the  quantitative  items. 
For  the  qualitative  items,  investigations  are  limited  to  significant  items  and  significant 
configurational  changes  only. 

2.3  Specific  Tasks 

For  the  long  duration  configuration,  the  aim  is  to  supply  detailed  quasi-static  loading  in¬ 
formation  for  all  the  major  components  of  the  aircraft,  in  a  form  appropriate  to  the  method 
of  structural  analysis  used.  On  the  minor  components  only  overall  loading  information  i.e. 
total  load  and  centre  of  pressure  position,  will  normally  be  provided.  Local  pressures 
will  also  be  estimated  as  required.  Detailed  calculations  of  the  quasi-static  aeroelastic 
effects  are  mad*  for  the  major  components,  together  with  estimates  of  any  significant 
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effects  on  tbs  minor  components,  Flutter  investigations  on  the  long  duration  configura¬ 
tion,  aim  to  make  an  initial  assessment  of  all  the  primary  surfaces  independently.  This 
is  then  followed  by  an  assessment  of  any  structural  or  aerodynamic  coupling  problems  ad¬ 
judged  to  be  significant.  Secondary  surfaces  e.g.  flaps,  rudders  etc.  may  only  be  asses¬ 
sed  in  terms  of  simple  criteria,  rather  than  from  comprehensive  flutter  calculations. 

When  it  is  considered  necessary,  the  determination  of  dynamic  loads  and  vibration  environ¬ 
ment  is  also  associated  with  the  long  duration  configuration.  However,  such  tasks  will  not 
normally  be  undertaken  during  the  initial  design  stage,  unless  the  proposed  design  has 
features  which  recommend  investigation.  Even  then,  the  data  produced  should  only  be  re¬ 
garded  as  qualitative,  since  these  problems  tend  to  be  sensitive  to  relatively  minor  dif¬ 
ferences  in  dynamic  representation.  A  similar  attitude  is  adopted  towards  any  detailed 
assessment  of  coupling  problems  involving  the  basic  aircraft  and  automatic  flying  control 
systems.  Some  detailed  flutter  and  quasi-static  aeroelastic  trend  studies  may  also  be 
made  for  possible  configurational  variants,  appropriate  to  the  particular  project;  these 
studies  essentially  fall  within  the  long  duration  category  as  well. 

For  the  short  duration  configuration  only  overall  load  information  for  the  major  components 
is  possible  within  a  typical  timescale.  Estimates  of  quasi-static  aeroelastic  effects  are 
made,  but  detail  calculations  will  not  be  performed.  Some  estimates  may  also  be  made  for 
other  aspects  of  the  aeroelastic  task  but,  in  general,  no  more  than  critical  comment  is 
provided.  The  basis  of  these  estimates  or  comments  is  experience,  supported  by  the  resulte 
of  prior  long  duration  calculations. 

3.  CHARACTERISTIC  FEATURES  OF  Ah  ADVANCED  COMBAT  AIRCRAFT 


3.1  Operational  Requirement 

The  starting  point  of  any  project  is  an  operational  requirement  and  the  requirement  for  an 
advanced  combat  aircraft  is  typified  by  the  following  key  features. 

(1)  An  aircraft  of  reasonable  site  and  weight. 

(2)  The  ability  to  carry  a  large  weigh*,  of  stores  selected  from  a  wide  range. 

(3)  Good  airfield  performance. 

(4)  High  manoeuvrability  (both  symmetric  and  antisymmetric)  particularly  at  high  sub¬ 
sonic/transonic  speeds. 

(3)  At  least  some  supersonic  performance. 

(6)  Good  high  subsonic  low-level  capability. 

(7)  Good  ferry  range. 

3*2  Configuration 

The  satisfaction  of  such  a  requirement  will,  in  turn,  tend  to  produce  certain  characteris¬ 
tic  features  of  aircraft  configuration.  Thus  items  1  and  2  will  almost  certainly  ensure 
an  aircraft  with  external  stores,  mounted  on  wings  and  fuselage;  the  size  of  many  of  the 
store  configurations  will  be  large  relative  to  the  aircraft.  aiginee  will  need  to  be 
situated  in  the  fuselage  to  leave  the  wings  clear  for  store  carriage.  Item  3  is  best 
satisfied  fay  the  use  of  swept,  reasonably  low  aspect  ratio  aerodynamic  surfaces,  with  a 
strong  bias  towards  thin  aerofoil  sections,  and  fairly  slender  fuselage  lines.  The  choice 
of  wing,  involves  items  3,  4  and  7,  which  are  suited  by  a  low  wing-loading  and  item  6, 
which  demands  a  high  wing-loading.  The  resultant  compromise  may  produce  a  swept  wing,  of 
moderate  aspect  ratio  and  fairly  high  wing-loading,  or  the  alternative  solution  of  variable 
geometry.  The  wing  will  then  have  extensive  high-lift  devices,  such  as  flaps  and  slats  to 
meet  item  3. 

Pitch  control  will  be  achieved  with  an  all-moving  tailplane  to  cater  for  item  4  in  con¬ 
junction  with  item  3.  Since  the  needs  of  items  2,  4  and  3  will  entail  incorporation  of  a 
large  effective  fin,  an  effective  yaw  control  -  probably  a  large  rudder  -  is  then  neces¬ 
sary  to  satisfy  the  cross-wind  requirements,  which  will  be  a  part  of  item  3.  Roll  control 
is  best  served  by  a  combination  of  spoilers  and  differential  tailplane,  to  cover  the  com¬ 
plete  speed  range.  The  choioe  of  spoilers  leaves  the  wing  traillng-edge  free  for  the  in¬ 
corporation  of  high-lift  devices  and  gives  a  natural  advantage  of  much  enhanced  rolling 
power,  when  these  devices  are  in  operation. 

There  are  obviously  other  configurational  features  which  are  influenced  by  the  operational 
requirement,  but  only  those  considered  relevant  to  the  subject  matter  of  this  report,  have 
been  summarised  above. 
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4.  TECHNICAL  ASPECTS  OF  THE  LOAD  ESTIMATION  AMD  AEROELASTIC  TASKS 


On*  major  point,  which  is  common  to  all  technical  aspects  of  advanced  combat  aircraft  design,  is 
the  size  of  the  task.  This  arises  from  the  large  number  of  configurational  variants  possible 
from  meeting  store  carriage  requirements  and  the  significant  changes  to  the  clean  aircraft  mass 
and  aerodynamic  properties,  produced  by  these  stores.  If  variable  goometry  is  embodied  in  the 
design,  this  further  increases  the  number  of  configurational  variants  to  be  considered.  The 
volume  of  work  associated  with  taaks  involving  a  high  aerodynamic  content,  such  as  load  estima¬ 
tion  and  aeroelasticity,  is  also  influenced  by  the  need  to  consider  subsonic,  transonic  and 
supersonic  flight  conditions. 

Now  the  typical  configuration  characteristic  of  thin  aerofoil  sections  on  an  aircraft  operating 
at  high  dynamic  pressures  inevitably  demands  consideration  of  aeroelastic  phenomena.  The 
carriage  of  stores  is  also  a  potential  source  of  dynamic  problems.  Nevertheless,  the  size, 
weight  <utd  stiffness  characteristics  of  the  typical  advanced  combat  aircraft  should  provide  suf¬ 
ficient  frequency  separation  between  the  rigid  aircraft  notions  and  the  elastic  modes  of  the 
structure,  to  permit  the  usual  practices  of  considering  the  quasi-rigid  and  elastic  representa¬ 
tions  of  the  aircraft  independently.  These  quasi-static  aeroelastic  effects  need  to  be  determined, 
not  only  for  stability  and  control  investigations,  but  also  for  loading  purposes.  Temperature 
effects,  on  the  stiffness  properties,  due  to  kinetic  heating,  will  be  minimal  for  the  typical 
supersonic  performance  requirements. 

The  design  loads  are  controlled  by  the  requirements  of  such  documents  as  Mil.  Specs,  or  AvP970, 
and  the  fora  of  these  requirements  means  that  the  majority  of  design  conditions  are  associated 
with  the  quasi-rigid  aeroplane.  The  high  manoeuvrability  requirement  for  a  combat  aircraft  also 
means  that  these  design  loads  are  predominantly  based  on  manoeuvre  cases.  The  cases  can  be  pro¬ 
vided  by  either  symmetric  or  asymmetric  manoeuvres:  true  antisymmetric  manoeuvres  will  seldom 
occur  because  roll-coupling  tendencies  are  inevitable  for  the  typical  configuration.  lateral 
controls,  such  as  spoilers,  contribute  to  the  degree  of  asymmetry  present  in  such  manoeuvres, 
since  they  produce  asymmetric  inputs.  Rudders  and  differential  tailplanes,  although  nominally 
yaw  and  roll  controls,  will  produce  significant  inputs  to  all  the  lateral  degrees  of  freedom  of 
the  quasi-rigid  aeroplane.  To  some  extent,  a  favourable  influence  on  roll-coupling  behaviour  can 
be  exerted  by  the  use  of  coupled  control  gearings,  but  it  is  not  really  practicable  to  cater  for 
all  regions  of  the  flight  envelop*. 

The  major  implication  of  roll-coupling  behaviour  on  the  loadirg  task  is  that  it  is  no  longer 
possible  to  define  loading  cases  simply,  on  the  basis  of  limited  degree  of  freedom  responses 
e.g.  rolling.  It  then  becomes  difficult  to  identify  possible  critical  flight  conditions  and  con¬ 
figurations  and,  for  certain  parts  of  the  aircraft,  extremely  difficult  to  associate  the  critical 
loading  condition  with  the  occurrence  of  a  significant  event  in  the  time-history  of  the  response. 

In  these  circumstances,  a  large  number  of  responses  need  to  be  examined,  with  monitoring  of  sig¬ 
nificant  stressing  parameters.  The  definition  of  a  significant  stressing  parameter  can,  in  itself, 
prove  difficult  for  typical  advanced  combat  aircraft  structures.  Taken  to  the  ultimate,  this 
process  could  involve  the  monitoring  of  individual  stresses,  but  it  is  obviously  preferable  if 
parameters,  such  as,  banding  moment  or  combinations  of  bending  moment,  shear  and  torque  can  be 
used. 

An  outcome  of  high  wing-loading  design  in  conjunction  with  the  high  manoeuvrability  requirement, 
is  to  produce  design  loads  for  the  major  components  which  are  associated  with  high  aircraft  inci¬ 
dences  at  high  subsonic/transonic  Mach  Numbers.  The  design  loads  therefore  need  to  be  defined 
for  flight  conditions  where  the  aerodynamic  characteristics  are  decidedly  non-linear  and  sensitive 
to  small  changes  in  Mach  Number  and  incidence.  The  carriage  of  underwing  stores  can  also  have  a 
profound  effect  on  these  aerodynamic  characteristics.  The  corresponding  quasi-static  aeroelastic 
effects  therefore,  need  to  be  defined  for  a  non-linear  system  of  equations  governing  the  motion 
of  the  quasi-rigid  aeroplane.  If  the  design  features  variable  geometry,  thim  need  to  define 
aeroelastic  effects  for  a  non-linear  system,  extends  to  lower  incidences,  when  the  wing  is  fully 
swept. 

Further  aeroelastic  phenomena,  associated  with  a  variable  geometry  configuration,  arise  from  wing- 
tailplane  aerodynamic  interference  effects.  If  the  geometric  separation  between  the  wing  and 
tailplane  is  small,  quasi-static  aeroelastic  distortions  essentially  change  the  geometry  of  the 
aircraft  and  thereby  introduce  another  source  of  non-linearity,  via  the  interference  effects. 
Wing-tailplane  aerodynamic  interference  effects  must  also  be  considered  in  assessing  the  flutter 
characteristics  of  the  aircraft.  On  advanced  combat  aircraft,  in  general,  flutter  considerations 
are  most  likely  to  have  design  repercussions  on  the  tailplane  and  the  wing  with  stores.  The 
latter  may  also  produce  dynamic  loading  problems  due  to  carriage  (both  in  the  air  and  on  the 
ground)  and  when  they  are  jettisoned.  Quasi-static  aeroelastic  considerations  will  normally 
influence  the  fin  and  rudder  design  and  thereby  ensure  freedom  from  flutter.  The  size  of  the 
typical  aircraft  and  the  high  design  loads,  make  flutter  and  cfynamic  problems  associated  with 
the  skin  panels,  very  unlikely. 

For  dynamic  loading  problems  involving  responses  of  a  transient,  rather  than  an  oscillatory  nature, 
difficulties  can  occur,  similar  to  those  previously  mentioned  in  connection  with  quasi-static  loads 
from  asymmetric  manoeuvres.  These  are  the  difficulties  of  identifying  critical  cases  and  of 
specifying  significant  stressing  parameters,  both  of  which  can  become  very  difficult  if  a  large 
number  of  elastic  modes  is  needed  for  adequate  problem  representation. 
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5.  THE  TECHNIQUES  AVAILABLE  FOR  LOAD  ESTIMATION  AND  AEHOELA3TICITY 

5.1  Fundamental  Description  of  the  Tasks 

Discussion  of  the  available  techniques  is  assisted  by  describing  the  two  tasks  in  the  more 
fundamental  terms  given  by  breaking  down  the  necessary  processes  into  three  basic  steps, 


namely, 

(i) 

Data  Acquisition 

(ii) 

Stability  Assessment 

(iii ) 

Response 

The  first  of  these  steps  is  concerned  with  the  acquisition  of  all  detailed  mass,  elastic 
(structure  and  systems),  flying  control  systems  and  aerodynamic  information,  necessary  to 
represent  the  aircraft.  This  representation  will  include  automatic  flying  control  systems 
when  they  are  appropriate  to  a  particular  study.  The  second  step  involves  assessment  of 
the  stability  of  the  overall  aircraft  and  the  final  step  is  broadly  concerned  with  the 
response  of  that  aircraft  to  various  types  of  input.  As  previously  mentioned,  the  latter 
two  steps  will  normally  be  subdivided  into  quaoi-rigid  and  elastic  investigations.  It 
should  also  be  noted  that,  throughout  this  report,  definitions  of  stability  are  confined 
to  problems  described  by  equations  of  a  linear  constant  coefficient  type.  For  other  types 
of  equation,  any  assessments  made  are  described  in  terms  of  the  response  to  a  defined  input. 

For  quasi-rigid  investigations,  if  the  incremental  aerodynamic  and  elastic  forces  ire  linear 
functions  of  the  distortion,  it  is  possible  to  perform  the  customary  intermediate  stage  of 
introducing  aeroelastic  corrections  to  the  coefficients  of  the  rigid  equations.  The  equa¬ 
tions  which  govern  this  intermediate  stage  are  then  in  the  form  of  a  response  problem,  with 
aeroelastic  distortion  as  the  unknown  v  riable  and  the  forces  due  to  rigid  aircraft  motions 
as  the  input.  Since  dynamic  pressure  may  be  written  as  a  scalar  operating  on  the  matrix  of 
incremental  aerodynamic  forces,  the  stability  roots  of  this  system  of  equatione  can  aleo  be 
determined,  in  terras  cf  critical  values  of  dynamic  pressure.  An  unstable  real  root  indi¬ 
cates  a  static  divergence,  but,  in  general,  real  roots  of  either  sign  and  complex  roots  will 
exist.  Response  solutions,  for  a  specified  value  of  dynamic  pressure,  give  the  corresponding 
aeroelastic  distortions  and  hence  the  aeroelastic  corrections.  If  the  incremental  aero¬ 
dynamic  forces  are  non-linear  functions  of  distortion,  then  the  above  stability  concept  is 
no  longer  valid  and  if  these  forces  are  also  functions  of  the  rigid  aircraft  motions,  then 
aeroelastic  corrections  can  no  longer  be  applied.  Solution  of  the  quasi-rigid  response 
problem,  in  the  latter  circumstances,  requires  the  equations  of  motion  of  the  rigid  aero¬ 
plane  to  be  considered  inclusive  with  the  equations  of  aeroelastic  distortion. 

Describing  the  tasks  of  load  estimation  and  aeroelust  icity  in  terms  of  stability  and  res¬ 
ponse,  automatically  involves  the  'stability  nd  control'  aspects  of  aircraft  design.  This 
is  inevitable,  because  although  the  stability  of  the  quasi-rigid  aeroplane  might  possibly 
be  regarded  as  a  distinct  task,  the  response  aspects  are  indistinguishable,  whether  the 
output  be  quasi-static  loading  data  or  output  for  handling  criteria.  In  this  context,  it 
is  worth  noting  that  even  when  aeroelastic  corrections  are  permissible,  some  terms  in  the 
differential  equations,  governing  the  quasi-rigid  motions  of  an  advanced  combat  aircraft, 
will  not  normally  be  of  a  linear  constant  coefficient  type.  Stability  asseesment  ie  then 
replaced  by  an  assessment  of  the  response  to  suitable  pilot  inputs.  The  stability  and 
response  of  the  elastic  aeroplane  have  more  usually  been  treated  as  related  topics. 

5.2  Data  Acquisition 

5.2.1  Mass,  Elastic  and  Systems  Data 

The  last  di-cade  or  so  has  seen  the  development  of  matrix  methods  of  structural 
analysis  (in  parallel  with  the  development  of  the  digital  computer)  throughout 
most  of  the  aircraft  industry.  These  methods  are  almost  universally  applicable, 
regardless  of  configuration,  so  that  a  theoretical  definition  of  an  aircraft's 
elastic  properties  is  always  possible,  although  the  preparation  of  input  data  can 
still  be  a  considerable  task.  When  they  are  applicable,  the  more  traditional, 
simple  beam  methods  of  structural  analysis  may  be  used  instead,  but  these  methods 
are  not  adequate  for  many  structural  components  typical  of  an  advanced  combat 
aircraft.  However,  structural  idealisation  is  the  precursor  to  any  form  of 
structural  analysis  and  this  process  is  not  so  amenable  to  precise  theoretical 
treatment.  Many  simplifying  assumptions  must  be  made  at  the  idealisation  stage 
and  resort  to  data  sheet  methods  may  also  be  necessary,  particularly  for  many  of 
the  structural  attachments  between  components.  Nevertheless,  satisfactory  methods 
of  idealisation  have  been  developed  for  many  structural  items  and  the  publication 
of  structural  data  sheets  ia  well  established.  To  the  latter  can  ue  added  un¬ 
published  information  obtained  by  an  individual  firm,  from  test  specimens  made  for 
the  specific  project  or  a  prior  one. 
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Dm  of  the  above  theoretical  methods  of  analysis,  presumes  a  linear  relationship 
between  forcea  and  displacements  for  the  aircraft  structure.  This  is  the  usual 
assumption  Bade  in  defining  the  elastic  properties,  although  variations  in  stiff¬ 
ness  due  to  the  changing  geometry  of  mechanical  linkages  are  considered.  The  as¬ 
sumption  of  linearity  is  probably  reasonable  in  most  circumstances,  but  there  are 
two  possible  exceptions:  these  are  when  the  structure  is  lightly  or  heavily  loaded. 
In  the  former  case,  back- lash  or  soft-centring  may  exist,  whilst  in  the  latter, 
panel  buckling  say  <  ocur.  A  further  deficiency  of  the  theoretical  methods  is  the 
inability  to  predict  structural  damping  properties,  though  the  order  of  typical 
values  is  well  known  for  the  normal  modes  of  vibration  measured  during  resonance 
tests  on  existing  aircraft. 

Systems  data  fall  into  two  distinct  categories.  Data  within  the  first  category 
originate  froa  investigations  made  for  the  purposes  of  specifying  the  required 
system  properties.  Ihese  data  are  predominantly  theoretical  and  will  be  produced 
by  the  aircraft  design  organisation:  the  data  will  not  normally  provide  a  system 
description  which  is  completely  adequate.  Data  within  the  second  category  are 
bayed  on  the  actual  system  properties,  as  supplied  by  the  equipment  manufacturers, 
and  are  only  known  when  the  hardware  has  been  defined.  Unless  existing  hardware, 
or  something  similar,  are  incorporated  in  the  design,  then  data  within  the  second 
category  may  not  be  defined  until  late  in  the  design  cycle,  as  information  becomes 
available  from  bread  board  studies  (when  appropriate)  or  hardware  testing.  At 
different  stages  throughout  the  design  period,  various  combinations  of  data  from 
theoretical  representations  and  experimental  analyses  will  be  used.  The  definition 
of  system  characteristics  suitable  for  loading  and  aeroelastlc  purposes  will  often 
involve  some  prior  response  investigations  of  a  complex  system;  this  system  may  be 
a  single  item  or  a  combination  of  several.  Such  investigations  will  normally  re¬ 
quire  computational  aids  and  both  digital  and  analogue  computers  are  used.  The 
latter  are  often  favoured,  because  of  the  built-in  non-linearities  which  are  typi¬ 
cal  of  many  practical  systems,  but  for  many  analysea  some  degree  of  linearisation 
is  accepted. 

The  provision  of  adequate  detailed  mans  information  has  gei.er«iiy  been  a  possible, 
even  if  a  somewhat  laborious  task.  Compared  to  simple  beam  methods  of  structural 
analysis,  requiring  mass,  moment  and  moment  of  inertia  properties  at  a  limited 
number  of  stations,  the  advent  of  matrix  methods  of  structural  analysis  has  con¬ 
siderably  increased  the  magnitude  of  this  task.  Thus  for  in  advanced  combat  air¬ 
craft,  masses  will  generally  need  to  be  defined  at  the  node  points  of  structural 
analysis  grids,  for  aost  of  the  aircraft  components. 

Apart  from  the  difficulties  sometimes  encountered  in  obtaining  satisfactory  systems 
mass  information,  the  major  outstanding  problem  of  mass  definition  concerns  the 
mass  (or  more  strictly  the  dynamic  properties)  of  fuel  for  other  than  steady-state 
conditions.  Some  limited  theoretical  and  experimental  information  on  fuel-sloshing 
behaviour  exists,  but  mainly  for  regular  tank  shapes  which  are  not  characteristic 
of  aost  aircraft  fuel  tanks. 

Before  aeroelastlc  work  can  proceed  the  representation  of  the  aircraft  needs  to  be 
of  a  manageable  sise,  so  that  a  reduced  form  of  description  of  the  aircraft's 
elastic  properties  is  normally  required,  particularly  if  matrix  methods  of  struc¬ 
tural  analysis  have  been  used.  This  is  best  achieved,  firstly,  by  describing  the 
aircraft  in  tsrma  of  branch  items;  these  items  will  correspond  to  the  major  com¬ 
ponents  of  the  aircraft  and  any  other  components  which  have  independent  elastic 
characteristics.  Parameters  which  are  aeroelastioally  significant,  such  as  control 
actuator  stiffness,  are  included  in  the  letter  category.  The  next  stage  of  re¬ 
duction  is  to  represent  the  structural  components  by  a  minimum,  but  sufficient, 
number  of  displacement  and  angular  freedoms.  For  flutter  and  dynamic  problems, 
reduction  is  then  carried  a  stage  further  and  the  dynamic  characteristics  of  these 
components  are  represented  by  a  limited  number  of  normal  modes  of  vibration.  This 
involves  the  solution  of  eigen  value  problems  with  real  roots  and,  as  such,  presents 
no  difficulties  for  quite  large  order  matrices  on  a  digital  computer.  Reassembly 
of  the  component  aodee  and  the  branch  itsms  will  then  give  the  required  reduced 
description  of  the  total  aircraft. 

One  other  essential  requirement  for  aeroelastlc  work  is  the  ability  to  express  the 
displacements  and  angles  at  points  on  the  aircraft,  relevant  to  the  aerodynamic 
description,  in  terms  of  the  displacements  and  angles  given  by  the  structural  ana¬ 
lysis.  This  is  not  an  exact  process,  so  that  various  methods,  from  graphical  inter¬ 
polation  to  digital  programs  for  polynomial  and  spline  fitting  techniques,  have  been 
evolved  over  the  yeare.  The  difficulty  of  defining  a  suitable  transformation  pro¬ 
cess  is  much  greater  when  matrix  methods  of  structural  analysis  have  been  employed 
and  nona  of  the  existing  published  methods  is  entirely  satisfactory. 
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5.2.2  Aerodynamic  data  -  Classification  and  Overall  Needs 

The  major  difference  between  the  aerodynamic  date  and  the  other  types  of  data  re¬ 
quired,  is  the  strictly  Halted  capability  of  current  theoretical  aerodynaalc 
methods .  Aerodynaalc  data  are  therefore  obtained  froa  three  different  sources: 
these  sources  are : - 

(i)  Theoretical  Data 

(ii)  Measured  Data  -  froa  wind-tunnel  aeasursaents  directly  appropriate  to 
the  particular  design  configuration. 

(iii)  Qepirical  Data  -  correlated  data  from  data  sheets  or  measurements  on  lixe 
configurations. 

The  above  definition  of  aeasured  data  means  tl.at  if  the  project  configuration  changes 
from  that  testsd,  then  the  corresponding  aeasured  data  are  reclassified  as  empirical 
data.  These  data  sources  are  discussed  in  more  detail  in  Section  6. 

The  required  aerodynamic  description  of  the  aircraft  is  baaed  on  an  amalgam 
of  data  from  these  three  sources.  For  loading  and  aeroelastic  work,  this  descrip¬ 
tion  needs  to  be  defined  in  terms  of  forces  (and  moments  if  required)  at  points 
relevant  to  the  structural  description.  Thus,  forces  will  be  defined  at  the  grid 
node  points  for  matrix  methods  of  analysis  and  bending  moments,  shears  and  torques 
at  various  spanwise  stations  for  simple  beam  methods.  It  is  also  preferable  that 
consistency  is  maintained  between  these  quantities  and  any  pressure  information. 

Exact  methods  for  those  processes  do  not  exist  and  most  sections  of  the  industry 
will  have  proprietary  methods,  with  the  more  precise  methods  demanding  digital 
computation.  These  processes  can  be  avoided  with  the  customary  approach  to  flut¬ 
ter  problems  and  are  sometimes  avoided  for  quasi-static  aeroelastic  calculations, 
but  if  loading  information  is  subsequently  required,  this  is  r  short-sighted 
approach. 

5.3  Stability  Assessment 

Before  the  advent  of  computers,  both  analogue  and  digital,  the  only  difficulty  in  obtaining 
stability  solutions  was  one  of  computational  effort,  with  a  three  degree  of  freedom,  second 
order  system,  providing  a  practical  limit.  These  days  it  is  a  fair  generalisation  to  state 
that  the  stability  of  both  quaai-rigid  and  elastic  representations  of  an  aeroplane  can  be 
determined  without  difficulty,  for  an  adequate  number  of  degrees  of  freedom.  This  state¬ 
ment  is  also  applicable  to  stability  problems  involving  aeroelastic  distortion,  such  as 
static  divergencs.  Analogue  computers  still  have  some  merits  in  flutter  work  for  making 
rapid  assessments  of  parameter  changes,  but  the  number  of  degrees  of  freedom  is  restricted. 
Stability  solutions  are  therefore  mainly  obtained  by  using  digital  computers  and,  in  con¬ 
junction  with  plotting  facilities,  these  solutions  are  readily  presented  for  easy  assimila¬ 
tion. 

For  flutter  problems  involving  many  degrees  of  freedom  there  are,  however,  quite  often  dif¬ 
ficulties  of  interpretation.  Apart  from  the  natural  wish  for  basic  understanding,  inter¬ 
pretation  of  the  results  is  necessary  if  cures  are  sought  to  a  potential  flutter  hazard. 

It  also  helps  to  provide  a  basis  for  a  minimum  of  controlled  parameter  changes,  in  assess¬ 
ments  of  problem  sensitivity.  Formulating  the  problem  in  terms  of  branch  modes  enables 
structural  and  mass  parameter  changes  to  be  investigated  easily,  but  it  is  of  less  help 
for  studying  aerodynamic  variations.  An  approach  (1)  which  reduces  any  flutter  problem  to 
binary  form,  promises  a  possible  answer  to  the  difficulties  of  problem  interpretation  and 
also  minimises  the  number  of  parameter  variations  to  be  considered. 

There  is  another  method  of  assessing  the  stability  of  the  elastic  aeroplane,  which  obviates 
the  need  to  define  aerodynamic  data,  and  that  is  to  build  wind-tunnel  flutter  models.  These 
can  vary  tremendously  both  in  complexity  and  scope,  ranging  from  large  low-speed  complete 
aircraft  models,  with  interchangeable  components,  to  small  high-speed  models  of  perhaps  a 
single  surface.  Tests  can  be  made,  either  by  trying  to  establish  the  critical  flutter 
speed  (employing  measures  aimed  at  preventing  model  destruction)  or  by  using  a  sub-critical 
response  technique  to  determine  the  roots  of  tbs  system,  stopping  short  of  actual  flutter. 

5.1*  Response 

Since  the  response  of  a  linear  system,  in  essence,  merely  involves  solution  of  the  stability 
equations  with  appropriate  forcing  terms,  many  of  the  comments  made  on  stability  solutions 
in  the  previous  sub-section  also  apply  to  the  response.  Thus  the  impact  of  computers  on 
the  solution  of  linear  response  problems  is  identical  but,  in  addition,  they  have  enabled 
larger  order  non-linear  problems  to  be  solved.  This  has  been  of  particular  benefit  to  the 
investigation  of  roll-coupling  behaviour  and  to  the  definition  of  the  related  quasi-static 
loads.  Digital  computation  is  essential  to  solution  of  the  quasi-rigid  response  problem 
with  non-linear  aerodynamic  forces  due  to  aeroelastic  distortion. 
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Moat  of  the  responses  investigated  ara  for  tha  determination  of  loading  information  from 
the  raaponaa  of  tha  quaai-rigid  aeroplane,  to  inputs  defined  by  official  deaign  require¬ 
ments.  Either  steady  state  solutions  a.g.  longitudinal  balances,  or  transient  solutions 
e.g.  control  inputs  and  discrete  gusts, are  required.  However,  in  parallel  with  computer 
development  (digital  in  particular),  there  has  been  an  increasing  interest  in  random  and 
dynamic  loading  problems,  which  is  now  being  reflected  in  some  of  the  official  deaign 
requirements.  These  problems  tend  to  fall  into  two  categories,  namely,  responses  origi¬ 
nating  from  either  environmental  or  self-generated  excitation.  Examples  of  the  former 
category  are  atmospheric  turbulence  and  rough  runways  whilst  store  jettison,  system 
failures  and  buffet  fall  within  the  latter  category. 

Obtaining  solutions  to  these  types  of  problem  presents  no  additional  difficulty,  with 
either  transient  and  indicial  or  oscillatory  steady  state  solutions  (for  the  preparation 
of  powir  spectra,  etc.)  being  required.  Careful  choice  of  method  and  the  form  of  results 
presentation  can,  however,  materially  assist  in  the  interpretation  of  the  large  order 
problem.  An  experimental  approach  to  obtain  solutions  of  buifet  loading  problems  can 
also  be  adopted,  utilising  the  dynamically  scaled  models  produced  for  flutter  testing. 

This  again  obviates  the  need  for  aerodynamic  data  acquisition,  in  particular,  the  diffi¬ 
culty  of  defining  the  input  forces  due  to  buffet.  However,  strength  limitations  restrict 
the  level  of  steady-loading  to  which  the  codels  may  be  subjected  and  some  reservations 
must  be  retained  about  this  approach,  because  of  possible  scale  effects. 

6.  THE  ACQUISITION  OF  AERODYNAMIC  DATA 

The  three  sources  of  aerodynamic  data  have  been  identified  in  the  previous  section.  This  section 
enlarges  on  these  data  sources  and  reviews  the  means  of  producing  an  overall  aerodynamic  des¬ 
cription  of  an  aircraft. 

6.1  Theoretical  Data 


Current  three-dimensional  aerodynamic  theories  (which  are  necessary  to  combat  aircraft 
design)  are  strictly  limited  to  potential  flow  asaumptions  on  wings  or  slender  bodies  of 
revolution,  in  truly  subsonic  and  supersonic  flow  conditions.  Subsonically,  a  trailing 
edge  flap  theory  has  yet  to  be  established.  There  are,  however,  linearised  subsonic 
interference  theories  now  available  for  two  surfaces  in  parallel  planes  (2)  (ignoring  wake 
effects)  and  for  T-tails  without  dihedral  (3).  Unsteady  aerodynamic  theories  are  strictly 
valid  for  only  oscillatory  motions  and  invalid  for  transient  conditions.  Various  theoreti¬ 
cal  methods  for  the  isolated  wing  are  used  throughout  the  industry,  but  reservations  must 
be  expressed  about  the  assumptions  made  and  the  numerical  integration  techniques  used,  for 
some  subsonic  theories,  whilst  certain  supersonic  theories  are  not  orientated  towards  the 
provision  of  loading  and  pressure  distribution  information.  Digital  computation  is  es¬ 
sential  for  all  theoretical  aerodynamic  methods. 

6.2  Measured  Data 


The  commonest  form  of  measured  data  available,  comes  from  wind  tunnel  measurements  of 
overall  steady  force  and  moment  data  on  rigid  models  of  the  complete  aircraft.  These  tests 
will  normally  cover  different  tallplane  settings,  for  combined  ranges  of  Incidence  and  side¬ 
slip  angle,  over  the  required  Mach  Number  range.  Tests  may  also  be  made  for  other  control 
surface  settings  such  as  differential  tailplane,  spoiler  and  possibly  rudder.  These  latter 
control  surface  settings  will  be  tested  independently,  for  perhaps  a  couple  of  different 
tailplane  angles  and  probably  over  a  limited  Mach  Number  range.  Low-speed  model  tests  will 
also  be  made  for  combined  ranges  of  incidence  and  sideslip  angle  with  various  combinations 
of  slat,  flap  and  spoiler  settings.  All  of  the  above  tests  are  orientated  towards  stability 
and  control  work  but  for  quasi-static  loading  purposes  it  is  normal  practice  to  cover  the 
incidence  and  Mach  Number  range  with  the  tailplane  off.  Occasionally  some  lateral  testing 
may  be  made  with  the  fin  off.  Loading  information  may  also  become  available  from  strain 
gauging  of  flaps,  slats,  spoilers  and,  possibly,  undercarriages  and  airbrakes  on  low  speed 
models. 

Models  specifically  designed  for  quasi-static  loading  purposes  are  pressure  models  and  com¬ 
ponent  load  models.  The  latter  type  of  model  is  strain-gauged  to  measure  forces  and  moments 
on  major  aircraft  components  i.e.  wings,  tailplane  etc.  and  may  also  include  other  components 
such  as  stores.  (Strain-gauged  stores  may  sometimes  be  fitted  to  the  models  measuring  over¬ 
all  forces  and  moments,  but  this  is  a  far  lees  satisfactory  arrangement).  Component  load 
models  will  normally  be  tested  for  the  same  range  of  parameters  as  the  overall  stability 
models  but  pressure  models  may  be  tested  for  a  reduced  number  of  sideslip  angles  and  Mach 
Numbers,  further  pressure  information  is  sometimes  available  from  other  models,  particularly 
low  speed  models,  which  have  not  been  specifically  built  for  loading  purposes. 

Unsteady  measurements  tend  to  be  confined  to  a  few  special  rigs  or  facilities  designed  for 
these  purposes.  Two  main  types  of  testing  are  made  and  both  types  are  almost  invariably  for 
small  amplitude  osoillatory  motions  of  nominally  rigid  complete,  or  component,  models.  In 
the  first  type  of  test,  forces  and/or  moments  are  measured  and  in  the  second  type,  pressures 
are  measured.  Tests  of  the  latter  type  are  one  of  the  more  interesting  recent  developeMnts 
(4).  Unsteady  tests  will  be  made  for  one,  or  possibly  two,  amplitudes  of  oscillation  and  a 
minimum  of  incidence  and  sideslip  conditions,  at  Mach  Numbers  of  particular  interest.  For  aoem- 
plete  model,  oscillations  in  five  rigid  degrees  of  freedom  are  possible, whilst  for  a  surface. 


two,  or  three,  displacement  and  angular  freedom*  (producing  notion*  normal  to  tha  plan* 
of  th*  surf ao* )  will  b*  available.  A  trailing  *dg*  flap,  <*»'!d*r  etc.,  would  be  restricted 
to  angular  notion*  about  th*  hinge. 


In  order  to  provide  *o*e  guidance  on  qua*i-statie  a*  roe  las  tic  effects  for  th*  particular 
variable  geonetry  problem  of  a  highly  swept  wing,  with  a  tailplan*  in  close  proximity, 
another  type  of  nodel  ha*  recently  been  teated  at  th*  author'*  firn.  For  thia  model,  a 
aerie*  of  distorted  wing*  was  manufactured,  with  th*  same  non-dimensional  shape  but  dif¬ 
ferent  magnitude*  of  distortion.  Thi*  shape  was  based  on  theoretical  aeroelastic  dis¬ 
tortions,  but  only  bending  and  root  flexibilities  were  considered  as  th*  shape  was  found 
to  be  relatively  insensitive  to  torsional  flexibility.  Th*  theoretical  calculations  also 
showed  that  it  was  practicable  to  choose  a  unique  shape,  since  only  small  differences  in 
this  shape  were  indicated  over  th*  incidence  range.  Overall  and  component  measurements  of 
force  and  mcewnt  were  mad*  for  th*  rang*  of  parameters,  usual  for  these  types  of  model. 

Th*  increasingly  large  amount  of  data  produced  by  wind-tunnel  testing,  particularly  by  com¬ 
ponent  load  and  pressure  plotting  models,  makes  stringent  demands  on  the  processing  capacity 
of  an  organisation.  The  digital  computer  has  already  mad*  some  impact  on  this  task,  in  pro¬ 
viding  processed  graphical  and  numerical  data.  On  occasions  these  data  may  also  be  mad* 
available  on  a  magnetic  tape,  either  for  subsequent  operations,  such  a*  pressure  integration, 
or  a*  a  limited  form  of  data  bank,  but  there  is  still  much  that  can  be  don*  in  this  field. 

Empirical  Data 

Empirical  data  sources  cannot  be  summarised  by  quoting  a  few  well  established  documents, 
since  such  documents  do  not  exist.  Documents  of  tha  data  sheet  type  e.g.  R.Ae.S.  data 
sheets  and  Datcom,  can  be  of  some  use  for  determining  quasi-static  component  loads,  but  they 
are  really  preoccupied  with  providing  rigid  aircraft  data  for  stability  and  control  pur¬ 
poses.  Thus,  for  example,  on*  outcome  of  thia  exclusiveness  is  that  spanvise  centre  of 
pressure  positions  are  not  normally  considered,  unless  they  are  required  in  the  estimation 
of  a  particular  derivative.  Also  th*  reliability  of  some  of  the  data  sheet  methods  becomes 
suspect  if  th*  flow  is  cot  attached,  so  that  their  utility  for  loading  purposes  is  thereby 
depreciated.  Apart  from  deficiencies  of  th*  above  nature,  the  us*  of  such  data  sheet  methods 
for  load  estimation  demands  that  plausible  load  or  pressure  distributions  can  be  associated 
with  the  estimated  component  loads  and  their  point  of  action.  This  will  often  place  more 
stringent  requiresMnts  on  th*  accuracy  of  such  estimates.  Data  sheet  method*  for  th*  deter¬ 
mination  of  th*  required  load  and  pressure  distributions  are  few.  Those  that  do  exist  are 
usually  based  on  two  dimensional  and  lifting  line  or  limited  three  dimensional  theories, 
applicable  to  fairly  high  aspect  ratio  wings,  flaps  or  trailing  edge  controls.  Such  methods 
do  not  contribute  greatly  to  th*  processes  of  load  estimation,  though  they  may  be  relevant 
to  unswept  wing  configurations  on  a  variable  geometry  aircraft  at  moderate  incidence*. 

There  is  obviously  a  vast  amount  of  measured  wind  tunnel  information,  both  published  and 
unpublished,  which  gives  overall  aircraft  steady  forces  and  moments  on  rigid  models  of 
various  configuration*.  There  is  somewhat  less  data  on  steady  forces  and  moments  for  th* 
major  aircraft  components  and  components  such  as  flaps,  slats,  spoilers,  trailing  edge 
controls,  airbrake*  and  stores.  A  still  smaller  quantity  of  data  will  exist  in  the  form 
of  measured  steady  pressure  data.  To  all  this  data  can  be  added  th*  relatively  small 
amount  of  aerodynamic  information,  suitable  for  loading  purposes,  available  from  flight 
measurement.  Of  thi*  total  accumulation  of  information,  presumably  some  of  it  has  in¬ 
fluenced  th*  existing  data  sheet  methods  for  stability  and  control  purposes,  but  the  main 
interest  for  loading  work  concerns  those  items  not  covered  adequately  by  existing  data 
sheet*,  namely,  th*  forces,  moments,  load  distributions  and  pressures  on  components,  parti¬ 
cularly  at  high  incidences.  Unfortunately,  little  of  the  testing  made  to  obtain  data  on 
certain  of  these  items  has  been  systematic,  and  collation  and  correlation  of  such  data  has 
not  been  attempted  to  any  great  extent.  Host  design  organisations  will  have  accumulated 
empirical  data  for  their  own  us*  and  some  of  th*  more  valuable  data  will  be  that  obtained 
*n  rout*  to  th*  current  configuration  of  a  project.  However,  the  us*  of  this  data,  like 
all  empirical  data,  presumes  th*  ability  to  correlate  it  in  terms  of  significant  para¬ 
meters.  Too  often  th*  methods  of  utilisation  are  born  of  expediency. 

Th*  amour t  of  reliable  published  unsteady  information  provided  by  wind  tunnel  testing  is 
fairly  small,  particularly  from  the  relatively  recent  technique  of  unsteady  pressure  measure¬ 
ments.  Forces  and  moments  measured  on  rigid  wing  BK>dels  subjected  to  small  amplitude 
pitching  and  heaving  motions  (rolling  also  for  half  models)  constitute  th*  majority  of 
available  data  and  a  good  preportion  of  these  data  are  for  low  reduced  frequencies.  Some 
of  th*  more  useful  measurements  concern  quantities,  such  as  wing  pitching  moments  and 
trailing  edge  control  hinge  moments,  which  may  change  rapidly  in  both  magnitude  and/or 
sign  in  transonic  regions.  In  general,  however,  there  is  not  sufficient  data  from  unsteady 
measurements  to  permit  very  effective  correlation.  One  other  source  of  empirical  unsteady 
data  remain*  and  that  is  two  dimensional  theory.  The  classification  of  empirical  is  con¬ 
sidered  justified,  because  an  aeroplane  is  indisputably  three  dimensional.  Th*  theory  needs 
to  be  modified  to  give  sensible  lift  slopes  (usually,  simple  overall  factors  are  applied) 
but  it  may  then  be  used  for  flutter  work  at  moderate  reduced  frequencies  on  surfaces  of 
reasonable  aspect  ratio  in  subsonic  flow  conditions.  Supersonically  two  dimensional  methods 
are  of  little  ua*  for  th*  typical  advanced  combat  aircraft  configuration,  except  possibly 
on  flap*  or  trailing  edge  control  surfaces. 


Unless  a  firs  haa  ohoaan  to  conatruct  a  digital  aourca  of  data,  publiahtd  amplrical  data 
ara  normally  avallabla  In  althar  graphical  or  tabular  form,  but  occasionally  thay  art 
praaantad  aa  amplrical  formulas.  Unpublished  data  ara  oftan  in  a  similar  fora,  but  if 
they  have  been  obtained  directly  from  wind-tunnel  testing  on  a  prior  configuration  or 
project,  they  may  already  be  stored  on  a  magnetic  tape. 

6.4  Formation  of  an  Aerodynamic  Description 

For  an  aircraft  which  is  not  rigid,  the  aerodynamic  description  should,  Ideally,  be  uniquely 
related  to  the  distortions  and  motions  of  the  aircraft,  defined  at  some  set  of  discrete  and 
aero dynamically  relevant  points.  However  the  deficiencies  of  aerodynamic  data,  currently 
make  it  necessary  to  produca,  more  or  leas,  indapendent  descriptions  for  the  rigid  and 
elastic  aeroplane. 

The  preceding  review  of  data  sources  indicates  that  aerodynamic  data  are  available  at  three 
different  levels  of  detail,  namely,  pressure  Information,  component  forces  and  moments  and 
overall  aircraft  forces  and  moments.  To  obtain  a  description  of  the  rigid  aircraft  in  the 
desired  form,  requires  aerodynamic  data  to  be  available  at  the  level  of  detail  provided  by 
pressure  information,  but  such  data  are  not  normally  considered  to  be  the  most  reliable. 

If  overall  aircraft  measurements  are  available  these  set  the  standard,  if  not,  it  will  be 
set  by  component  values  defined  empirically  (or  some  time  a  theoretically).  A  consistent 
description  of  the  aircraft  is  attained  by  ensuring  compatibility  between  the  forces  and 
moments  of  the  overall  aircraft  and  its  components  (adjusted  if  necessary),  together  with 
component  forces  and  moments  provided  by  integration  of  suitably  modified  component  pres¬ 
sure  information.  The  key  to  this  process  is  the  ability  to  modify  the  pressure  distri¬ 
butions  in  a  plausible  fashion.  If  accurate  measured  pressure  information  exists  then 
compatibility  will  usually  be  achieved  by  relatively  minor  adjustments.  If  only  theoretical 
or  empirical  pressure  information  is  available,  this  process  becomes  a  completely  arbitrary 
and  often  difficult  task,  nils  is  particularly  so  for  high  Incidences,  transonic  conditions 
or  for  any  other  non-potential  flow  condition. 

For  the  elastic  aeroplane,  it  follows  from  the  review  of  data  sources,  that  the  aerodynamic 
description  must  usually  be  entirely  theoretical,  but  modifications  to  the  basic  theoretical 
data  may  sometimes  be  made,  to  give  some  degree  of  compatibility  with  measured  or  empirical 
data,  for  the  rigid  components.  When  applied  to  unsteady  theory  these  component  data  may  be 
either  steady  or  unsteady  in  origin.  It  is  not  usually  possible  to  obtain  complete  com¬ 
patibility,  without  attempting  modification  of  the  theoretical  pressure  distributions  and 
this  is  not  normally  done  unless  it  is  absolutely  necessary,  or  measured  pressure  data  are 
available.  An  alternative  approach  towards  compatibility  is  sometimes  adopted,  using  strip- 
type  methods  and  modified  two  dimensional  derivatives.  This  approach  nay  also  be  used,  if 
no  theory  exists  for  a  particular  component,  or  as  a  means  of  studying  problem  sensitivity 
to  aerodynamic  variations  in  flutter  work.  If  strip-type  methods  are  used,  however,  the 
desired  form  of  aerodynamic  description  is  not  automatically  available.  It  should  be  noted, 
that  because  the  aerodynamic  description  of  the  elastic  aeroplane  •'s  usually  of  theoretical 
origin,  it  is  subject  to  all  the  associated  theoretical  limitations. 

When  the  aerodynamic  characteristics  of  the  elastic  aeroplane  are  not  linear  functions  of 
the  distortion,  it  is  no  longer  possible  to  consider  the  descriptions  of  the  rigid  and 
elastic  aeroplane  separately.  It  then  becomes  necessary  to  dsfine  non-linear  aerodynamic 
characteristics  which  are  valid  for  rigid  aircraft  notions  and  motions  and  distortions  of 
the  elastic  aircraft :  currently  this  is  virtually  impossible.  Other  notable  aerodynamic 
deficiencies  are  the  dearth  of  quantitative  data  suitable  for  the  prediction  of  buffeting 
phenomena  and  the  limited  nature  of  data  available  on  transient  aerodynamic  conditions, 
let  another  item,  which  has  not  been  reviewed  in  this  section,  is  aerodynamic  data  as¬ 
sociated  with  drag.  Such  data  are  not  available  in  detail  form,  so  that  only  restricted 
loading  information  involving  drag  forces,  can  be  estimated. 

It  must  also  be  emphasised,  that  even  when  good  wind-tunnel  measurements  are  available  for 
the  correct  configuration,  this  does  not  guarantee  a  true  description  of  the  full-scale 
aircraft.  Apart  from  scale  effects,  there  are  additional  wind-tunnel  effects,  such  aa 
transition  fix,  blockage,  flow  variations  and  wall  effects,  which  it  may  not  be  possible 
to  eliminate  or  correct  for.  Unfortunately  all  these  effects  are  most  likely  to  produce 
data  errors  in  measurements  at  the  transonic  and/or  high  incidence  conditions  which  are 
relevant  to  critical  quasi-static  loading  cases. 

THE  RELATIONSHIP  BETWEEN  DATA  STANDARDS ,  APPLICATION  AND  RBjUIftjJffiKTS 


7.1  Technical  Aspects 

7.1.1  Aerodynamic  Data 

The  deficiencies  of  aerodynamic  data,  in  some  respects,  are  very  apparent,  but  when 
using  them  for  certain  types  of  investigation  several  mitigating  factors  can  be 
invoked.  The  least  exacting  requirement  is  associated  with  flutter  where  theoreti¬ 
cal  methods  are  used  almost  exclusively,  despite  their  limitations.  There  is,  how¬ 
ever,  some  justification  for  this,  because  the  more  significant  problems  tend  to  be 
dominated  by  the  aerodynamic  contributions  from  the  surfaces,  with  other  contri¬ 
butions  being  of  minor  importance.  Flutter  also  conforms  with  the  theoretical 


limitations  of  snail  perturbations  and  oscillatory  motion  (at  the  critical  flutter 
speed).  Details  of  pressure  distribution  are  not  too  important,  since  only  general¬ 
ised  aerodynamic  forces  are  required  i.e.  the  forces  aasociated  with  modes  of  de¬ 
formation  of  a  coaplete  component.  Other  uncertainties  such  as  high  incidence 
effects  and,  to  sons  extent,  even  transonio  characteristics,  are  implicitly 
catered  for  by  speed  margins.  This  does  not  absolve  one  from  assessing  the  sensi¬ 
tivity  of  these  margins  to  possible  aerodynamic  variations,  but  such  exercises  are 
basically  qualitative  in  nature. 

For  assessment  of  the  stability  and  control  aspects  of  the  quasi-rigid  aeroplane, 
the  aerodynamic  requirements  are  more  stringent  than  for  flutter,  but  they  are 
not  too  difficult  to  meet.  The  aerodynamic  description  of  the  overall  rigid  air¬ 
craft  is  usually  obtained  from  measured  or  well  established  empirical  data.  Aero- 
elastic  effects  are  perforce  based  on  theory  and  can  therefore  be  applied  as  cor¬ 
rections  to  the  rigid  aircraft  description.  As  for  flutter,  this  is  reasonably  well 
justified,  because  these  effects  will  be  dominated  by  surface  contributions  and 
detail  discrepancies  in  pressure  distribution  usually  have  only  minor  effects  on 
the  resultant  overall  description  of  the  quasi-rigid  aeroplane.  This  latter  state¬ 
ment  is  not  always  quite  so  well  justified  for  spoilers  or  trailing-edge  control 
surfaces.  Stability  and  control  investigations  are  also  similar  to  flutter  investi¬ 
gations  in  being,  basically,  of  a  qualitative  nature.  It  is  only  necessary  to 
establish  that  control  powers  ar.d  handling  qualities  are  adequate  and  that  the  air¬ 
craft  is  stable  with  adequate  stability  margins. 

Response  investigations  of  the  quasi-rigid  aeroplane  for  loading  purposes,  place 
far  more  stringent  requirements  on  the  aerodynamic  description.  Pressure  distri¬ 
bution  details  become  important  and  assumptions  of  linearity  for  the  aeroelastic 
aerodynamic  contributions,  are  far  more  suspect,  at  the  high  incidence  conditions 
associated  with  design  cases.  There  is  also  a  fundamental  difference  between  loading 
and  stability  and  control  work  since  quantitative,  realistic  information  is  demanded 
from  the  former  whilst,  from  the  latter,  only  a  qualitative  assessment  is  required. 

The  determination  of  accurate  loading  data  from  the  response  of  the  clastic  aero¬ 
plane,  can  produce  the  most  exacting  aerodynamic  description  requirement.  Compared 
to  the  qpiasl-rigid  representation  one  is  relying  solely  on  theoretically  determined 
pressure  distributions.  The  restrictions  of  small  oscillatory  perturbations  will, 
nevertheless,  still  be  satisfied  for  small  oscillatory  inputs.  Providing  the  air¬ 
craft  incidences  are  not  too  high,  theory  can  therefore  still  provide  a  reasonably 
valid  representation  for  some  fatigue  loading  conditions.  Discrepancies  in  the  es¬ 
timated  loads  will,  in  any  case,  not  be  as  significant  as  the  uncertainties  inherent 
in  the  methods  of  fatigue  life  estimation.  For  some  types  of  oscillatory  aerodynamic 
loading,  such  as  buffet,  because  it  is  difficult  to  obtain  any  satisfactory  input 
information,  little  meaningful  work  can  be  done.  For  transient  types  of  input, 
particularly  if  they  are  large,  the  aerodynamic  description  of  the  elastic  air¬ 
craft  is  no  longer  very  adequate.  If  such  problems  provide  a  design  case  for  any 
part  of  the  aircraft,  then  the  predicted  loads  need  to  be  used  with  some  caution. 

In  general,  however,  the  aircraft  is  almost  entirely  designed  on  loads  produced  by 
the  response  of  the  quasi-rigid  aeroplane,  so  that  the  most  exacting  aerodynamic 
data  requirement  is  identified  with  the  prediction  of  quasi-static  loading. 

.2  Mass  Elastic  and  Systems  Data  -  Without  A.F.C.S. 

Without  automatic  flying  control  systems  (A.F.C.S.)  the  least  exacting  requirement 
for  mass,  elastic  and  systems  data  is  associated  with  aeroelastics  for  stability 
and  control  purposes.  The  assumption  of  linear  elastic  properties  for  the  struc¬ 
tural  components  is  reasonable  and  the  likely  order  of  stiffness  reductions,  due  to 
temperature  effects  and  high  and  low  loading,  will  produce  little  change  to  the  air¬ 
craft's  stability  or  responds  characteristics.  Stiffness  and  mass  details  are 
generally  unimportant,  wi*'.  the  possible  exception  of  attachment  stiffnesses,  parti¬ 
cularly  those  involving  tne  flying  control  systems.  However,  even  for  these  items, 
it  ia  only  necessary  to  qualitatively  demonstrate  that  margins  are  adequate  for  the 
possible  range  of  linearised  elastic  values.  The  determination  of  loads  from  the 
response  of  the  quasi-rigid  aeroplane,  places  greater  demands  on  the  accuracy  of 
detail  mass  properties  and,  indirectly,  may  do  so  on  stiffness  properties,  because 
of  the  effects  of  local  distortions  on  the  aerodynamic  pressure  distributions.  If 
panel  buckling  occurs,  this  could  be  important,  as  could  flying  control  system  non- 
linearities.  The  system  response  characteristics  due  to  control  surface  inputs  will, 
however,  often  be  overruled  by  mandatory  design  requirements  e.g.  'assume  maximum 
rate  of  application'. 

In  flutter  work,  a  situation  parallel  to  that  for  the  aerodynamic  data  exists  for 
the  mass  and  elastic  data,  since  only  generalised  masses  and  stiffnesses  for  com¬ 
ponent  mode  shapes  are  required.  Detail  mass  and  stiffness  data  are,  therefore, 
generally  not  so  important  for  the  structural  components.  Attachment  stiffnesses, 
including  flying  control  systems  effects,  can  often  be  very  important,  but  the 
branch  mode  approach  to  flutter  problems  is  orientated  towards  the  investigation 
of  stiffness  effects  to  ensure  adequate  margins.  Thus,  assumptions  of  linearity 
for  the  elastic  properties  are  acceptable  and  certainly  far  less  sweeping  than  for 
the  aerodynamic  characteristics,  large  concentrated  masses  attached  to  the 
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aerodynamic  surfaces  can  also  be  significant  and,  if  these  are  present,  the  details 
of  the  mode  shapes,  at  the  point  of  attachment  need  to  be  reasonably  accurate.  The 
deficiencies  of  structural  damping  data  are  not  too  important,  since  flutter  clear¬ 
ances  will  normally  be  established  assuming  none  is  present.  On  the  comparatively 
rare  occasions  when  it  is  invoked,  the  minimum  likely  value  is  used. 

For  dynamic  loading  work,  as  for  quasi-static  loading  work,  details  of  aasa  and 
stiffness  can  be  important.  Flying  control  system  non-linearities  may  also  need  to 
be  taken  intc  account  but  the  greatest  potential  shortcoming  is  the  lack  of  quanti¬ 
tative  data  on  structural  damping  characteristics.  If  there  are  any  dynamic  loading 
problems,  they  may  well  bt  associated  with  a  poorly  damped  mode  in  which  structural 
damping  dominates.  Nevertheless,  the  more  exacting  overall  data  requirements  ajra 
still  associated  with  quasi-static  loading  (for  the  reasons  given  in  the  previous 
sub-section  on  aerodynamic  data)  even  though  the  requisite  standards  are  easier  to 
achieve. 

The  influence  of  fuel  sloshing  has  not  been  mentioned  in  the  above  discussions  of 
mass  data,  although  they  could  obviously  be  relevant  to  every  type  of  investigation. 
To  include  these  effects  properly  is,  currently,  hardly  possible,  but  it  cannot  be 
categorically  stated  that  they  can  be  ignored,  even  if  they  are  very  unlikely  to 
cause  problems  on  the  typical  configuration.  The  lack  of  problems  results  from  the 
simple,  though  arbitrary,  approach  of  introducing  fuel  tank  coopartmentation  to 
control  the  static  fuel  centre  of  gravity  position  and  inertia,  and  hence  achieve 
stability  of  the  quasi-rigid  and  elastic  aeroplane  (with  mass  properties  defined  by 
these  static  quantities).  For  external  jettisonable  fuel  tanks  the  above  static 
properties  may  be  similarly  controlled  to  obtain  satisfactory  jottison  characteris¬ 
tics.  This  may  be  neither  very  precise,  nor  the  optimum  design  solution,  but  it 
probably  ensures  a  satisfactory  aircraft  whilst  leaving  the  difficulties  of  de¬ 
fining  a  correct  fuel  mass  representation  unresolved. 


Elastic  and  Syateais  Data  -  With  A.F.C.S. 


The  inclusion  of  A.F.C.o.  obviously  requires  a  far  more  detailed  systems  description, 
in  the  form  of  additional  equations  (often  non-linear)  governing  the  motion  of  the 
aircraft.  Non-linear  effects  e.g.  authority  limits  need  to  be  retained  for  both 
stability  and  control  and  quasi-static  loading  purposes,  but  it  should  be  possible 
to  omit  high  order  frequency  effects  from  the  system's  description.  When  the  system 
is  operative,  a  theoretical  definition  may  be  adequate  for  the  quasi-rigid  aeroplane, 
because  it  should  conform  to  design  requirements  established  for  this  representation. 
For  loading  cases  associated  with  a  closed-loop  system  malfunction,  the  theoretical 
description  may  no  longer  be  adequate,  but  for  open-loop  malfunctions,  no  A.F.C.3. 
description  is  required  and  the  magnitude  of  the  control  surface  inputs  is  simply 
dictated  by  the  authority  limits.  Even  with  the  system  operative,  it  is  also  pos¬ 
sible,  that  certain  design  loads  may  be  unaffected  by  the  presence  of  the  A.F.C.S., 
either  because  they  occur  in  a  particular  steady  state  condition  or  because  the 
authority  limits  are  overridden. 


The  elastic  aeroplane  requires  a  system  description  applicable  at  high  frequencies 
(the  off-design  state)  and  it  is  consequently  more  difficult  to  produce  an  adequate 
definition.  The  response  of  the  A.F.C.S.  is  governed  by  acceleration  and  velocity 
inputs  to  the  sensors,  so  that  details  of  mode  shape  at  the  sensor  location  are  im¬ 
portant.  Moreover,  most  sensors  are  located  within  the  fuselage,  which  is  the  most 
difficult  structural  component  for  which  to  define  accurate  mode  shapes;  this  diffi¬ 
culty  is  increased  for  rate  gyros  which  require  angular  information.  Stability  as¬ 
sessment  of  the  elastic  aeroplane  with  A.F.C.S.  necessitates  linearisation  of  the 
system  description  and  evaluation  of  gain  and  phase  margins  throughout  the  loop. 

If  linearisation  is  not  really  adequate,  response  investigations  are  necessary  for 
a  large  order  problem  governed  by  a  non-linear  set  of  equations.  Providing  that  only 
a  few  of  the  lower  frequency  modes  of  the  basic  aircraft  are  effected  by  the  A.F.C.S. 
and  no  marked  changes  are  produced,  stability  assessment  with  a  linearised  theoreti¬ 
cal  description  may  be  adequate.  This  description  should  then  be  adequate  for  small 
amplitude  periodic  dynamic  loading  problems.  Large  amplitude  transient  problems  can 
be  accommodated,  if  the  authority  limits  are  overridden.  If  the  above  provieoe  are 
not  satisfied,  a  non-linear  and  probably  non-theoretical  systee  description  will  be 
necessary.  A  description  of  this  latter  form  is  likely  to  be  required  for  the  study 
of  closed-loop  system  malfunctions.  As  for  the  quasi-rigid  aeroplane,  open-loop  mal¬ 
functions  do  not  require  an  A.F.C.S.  description  and  any  associated  periodic  dynamic 
loading  information  is  governed  by  control  surface  inputs  between  the  authority 
limits. 


Because  of  the  compounded  uncertainties  of  the  data  from  the  various  sources  required 
for  stability  and  response  investigations  on  the  elastic  aeroplane  with  A.F.C.S., 
this  is  considered  to  produce  the  most  exacting  requirement  for  systems  date. 
Instabilities  and  dynamic  loading  cases  may,  or  may  not,  exist,  but  it  can  be  a  very 
considerable  task  to  even  assess  the  situation.  It  is  perhaps  better  practice  to 


The  start  of  a  project  is  typified  by  a  ssriaa  of  short  duration  configurations  leading  to 
one  of  long  duration.  This  is  then  followed  by  interspersed  short  and  long  duration  con¬ 
figurations,  culminating  in  a  firm  design.  For  the  early  short  duration  configurations, 
an  aerodynaaic  shape  is  drawn  to  accomodate  the  necessary  internal  installations,  possible 
foras  of  structure  exaained  and  overall  weight  and  centre  of  gravity  estimates  made. 
Performance  (including  high-lift)  and 'stability  and  control*  design  aspects  will  largely 
control  the  aerodynaaic  shape  at  this  stage,  but  some  rudimentary  quasi-static  loading  in¬ 
formation  aay  be  requested  and  aeroelaatic  advice  sought.  These  loads  will  be  based  on 
theoretical  and/or  enpirical  data  and  specified  at  the  level  of  detail  set  for  the  short 
duration  configuration.  Assessments  of  the  resultant  configuration  will  also  be  made  for 
all  other  relevant  design  aspects  and  the  whole  process  repeated  for  several  configurations, 
until  the  first  long  duration  configuration  emerges.  A  major  effort,  on  the  tasks  of  load 
estimation  and  aeroelasticity,  can  then  proceed.  This  event  will  be  marked  by  the  production 
of  one,  or  more,  rigid  wind-tunnel  models  aimed  at  oeasuring  steady  quantities  for  perfor¬ 
mance  and 'stability  and  control' design  aspects.  At  the  same  tine,  some  corresponding  struc¬ 
tural  and  flying  control  systems  design  will  be  in  the  process  of  definition.  Theoretical 
or  enpirical  analyses  of  the  various  items,  as  they  are  designed,  will  then  progressively 
provide  elastic  data,  together  with  detail  mass  data.  The  quality  of  these  data  will  be 
largely  set  by  the  quality  of  the  prior  loading  information  on  which  the  design  was  based, 
(hily  elastic  systems  data  will  usually  exist  at  this  time,  as  the  main  emphasis,  during  the 
initial  design  stages,  is  on  the  definition  of  the  necessary  system  parameters.  The  rele¬ 
vant  aerodynamic  data  will  be  obtained  from  the  teat  results  of  the  wind-tunnel  models 
(when  these  results  become  available),  and  theoretical  and  empirical  sources. 

If  testing  is  confined  to  models  of  the  form  specified,  then  for  load  estimation  and  aero- 
elastic  purposes  where  existing  theories  are  inadequate,  the  standard  of  these  aerodynaaic 
data  is  obviously  inferior  to  the  corresponding  elastic  and  mass  data,  as  well  as  being  more 
restrictive  in  its  application.  An  improvement  to  the  standard  can  be  achieved,  if  an  early 
decision  is  made  to  build  further  wind-tunnel  models,  specifically  for  the  purposes  of  load 
estimation  and  aeroelasticity.  Thus  component  load  models  and  pressure  models  may  sometimes 
be  built  to  the  lines  of  the  first,  or  a  subsequent,  long  duration  configuration:  these 
models  will  be  rigid  and  will  measure  steady  quantities.  Even  though  such  additional  models 
may  be  built,  it  is  unlikely  that  the  project  configuration  will  still  be  same,  when  the 
test  results  become  available.  It  is  therefore  almost  inevitable,  that  all  the  wind-tunnel 
results,  obtained  during  this  period  of  project  design,  must  be  classified  as  empirical  data. 
Furthermore,  unless  one  is  prepared  to  assume  that  certain  aerodynamic  quantities  are  in¬ 
sensitive  to  the  variations  of  configuration  being  studied,  then  the  test  results  need  to  be 
expressable  in  a  parametric  form  for  further  use.  The  parametric  form  should  also,  prefer¬ 
ably,  permit  correlation  with  data  from  other  empirical  sources.  Thus  whilst  a  better  esti¬ 
mate  of  data,  essentially  for  quasi-static  loading  purposes,  is  obtained  with  the  additional 
models,  the  data  still  have  many  deficiencies. 

Flutter  models  are  sometimes  built  during  the  initial  design  stages,  as  well.  These  again 
are  likely  to  be  outdated  by  the  time  that  test  results  become  available  so  that  empirical 
correlation  or  theoretical  matching  techniques  are  necessary  to  make  use  of  the  information 
for  a  different  configuration.  Flutter  models  can,  however,  fulfil  another  qualitative 
function,  by  indicating  which  flutter  problems  are  likely  to  be  the  more  significant.  As 
the  design  proceeds  further  models  (or  modifications  to  existing  models),  for  performance 
and  stability  and  control  purposes,  will  often  be  tested  but  no  parallel  developments  will 
normally  occur  for  loading  models.  Some  guidance  on  empirical  procedures  for  modifying 
aerodynamic  data  for  load  estimation  is,  nevertheless,  provided  by  the  test  results  of 
these  other  later  models. 

IXiring  the  initial  design  stages,  the  rapid  provision  of  adequate  information  is  essential, 
if  an  effective  contribution  is  to  be  made  towards  the  design.  Now,  many  of  the  requisite 
theories  for  acquiring  input  data,  and  the  subsequent  processes  for  producing  stability  and 
response  solutions,  are  totally  dependent  on  the  digital  computer  (particularly  for  aircraft 
of  the  advanced  combat  type).  Fulfilment  of  the  dual  requirements  of  speed  and  adequacy  is 
thus  automatically  provided  by  use  of  the  computer.  Even  when  this  total  dependence  on  the 
computer  does  not  exist,  it  is  still  both  advantageous  and  economic  (unless  very  large  man¬ 
power  resources  exist)  to  utilise  the  computer  for  calculations  of  a  repetitive  or  routine 
nature.  Since  it  is  virtually  always  possible  to  obtain  digital  solutions,  given  the  neces¬ 
sary  input  data,  any  failures  to  meet  the  requirements  of  speed  and  adequacy  will  be  con¬ 
fined  to  methods  of  data  acquisition. 

Of  the  required  data,  failures  therefore  tend  to  be  associated  with  non-theoretical  methods 
of  acquisition,  which  do  not  utilise  the  digital  computer.  Once  again,  it  is  the  data 
needed  for  quasi-static  load  estimation  that  proves  unsatisfactory,  because  of  the  time 
taken  for  data  acquisition  and  processing.  If  wind-tunnel  test  data  are  not  available,  then 
the  data  must  come  from  other  sources  and  will  require  fairly  extensive  and  time  consuming 
manual  manipulation  to  produce  an  aircraft  description  in  digital  form,  suitable  for  sub¬ 
sequent  digital  operations.  When  test  data  are  available,  the  standard  of  data  is  increased 
but  so  too  is  the  quantity,  particularly  for  the  loading  type  of  model.  So  that,  apart  from 
the  inevitable  delay  caused  by  the  time  needed  to  build  and  test  a  model,  a  further  delay  is 
introduced,  because  of  the  tiM  needed  to  digest  and  process  all  the  data  produced.  Current 
digital  processing  on  such  data,  mainly  covers  data  presentation  and  does  not  extend  into 
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the  subsequent  proceaave  needed  to  define  an  aerodynamic  daacrlption  of  tha  ra  quia  it* 
fora. 

7.3  Tha  Specification  and  Design  Reculrements 

Tha  apacification  and  design  requirements  tnfluanca  all  tachnlcal  aapacta  of  aircraft 
design  but  load  estimation  la  ona  of  tha  areas  for  which  fairly  rigorous  quantitative 
requirements  ara  fornulatad.  Thara  are  obvioua  advantages  in  thia,  in  that  it  raaovaa  tha 
onua  and  responsibility  of  :  'eoifying  auitabla  daalgn  criteria  frea  tha  industry.  Howavar, 
quantitative  raqulraaanta  demand  quantitative  information  and,  if  one  preauaea  that  tha 
requirements  are  realistic,  tha  information  supplied  auat  aleo  be  realistic.  Thia  aaphasie 
on  realism  for  loading  information  is  nacessary  if  an  aircraft  is  to  be  safe  and  at  tha  sane 
time  not  be  compromised  by  axcasaiva  weight  penalties.  If  this  philosophy  ia  accepted,  than 
tha  necessary  standards  of  data  accuracy  can  obviously  be  affected  by  the  specification  and 
design  requirements.  Aerodynamic  data  are  probably  the  data  most  affected  in  thia  way, 
because  of  the  uncertainties  often  associated  with  many  of  the  critical  loading  conditions, 
when  even  wind-tunnel  measurements  must  be  regarded  with  some  suspicion. 

When  asked  to  produce  realistic  loading  information  in  these  circumstances,  one  would  like, 
therefore,  to  feel  confident  that  the  demands  resulted  from  genuinely  realistic  requirements. 
Thus,  for  example,  when  the  design  flight  envelope  ia  specified  for  an  aircraft,  a  firm  dis¬ 
tinction  should  be  drawn  between  strictly  necessary  and  dealrable  characteristics t  the  corner 
points  of  that  envelope  should  be  related  to  practicable  overshoot  conditions  rather  than 
dictated  by  an  arbitrary  formula  or  the  desire  to  produce  an  aesthetically  pleasing  diagram. 
In  addition,  assurance  would  be  welcome  that  the  origin  of  some  of  the  loading  requirements 
concerned  with  pilot  inputs  to  the  control  surfaces  are  not  related  to  a  different  genera¬ 
tion  of  aircraft  and  possibly  pilots  as  well.  In  the  early  design  stages,  it  is  also  im¬ 
practicable  to  ask  for  loading  information  which  is  very  dependent  on  details  of  the  air¬ 
craft  description:  the  standard  of  the  information  produced  is  no  better  than  the  standard 
of  data  used  to  make  the  necessary  calculations.  The  above  situation  can  occur  in  certain 
problems  of  dynamic  load  estimation. 

8.  CONCLUSIONS  AND  RECOMMENDATIONS 


The  main  conclusion  of  this  report  is,  that  the  deficiencies  of  aerodynamic  data,  particularly  for 
quasi-static  loading  purposes,  produce  the  greatest  obstacles  in  the  activities  of  load  estimation 
and  aeroelasticity.  The  inadequacies  of  such  data  are  highlighted  by  the  operational  requirements 
and  resultant  configuration,  typical  of  an  advm-iced  combat  aircraft,  nnd  by  the  initial  design 
stages  of  a  project,  fundamentally,  the  inadequacies  stem  from  the  very  restrictive  limitations 
of  aerodynamic  theory:  seme  of  these  limitations  reflect  the  current  state  of  the  art  but  others 
are  the  outcome  of  restrictive  approaches.  Any  aerodynamic  theory  developed  should  be  usable  for 
loading  and/or  aeroelastic  work,  enabling,  ultimately,  the  determination  of  loads  and  moments  on  a 
general  quadrilateral  panel,  togother  with  consistent  pressures  at  any  points  on  that  panel. 
Aerodynamic  theories  for  aeroelastic  applications  should  be  formulated  in  terms  of  distortions 
which  are  more  typical  of  a  real  structure,  rather  than  overall  polynomial  nodes  (for  example)  or 
undefined  distortions,  lost  in  the  method) of  numerical  analysis.  Theoretical  aerodynamic! sts 
should  also  be  far  more  concerned  with  the  real,  although  perhaps  difficult,  configurational 
features  of  an  actual  aeroplane  and  the  development  of  methods  of  aerodynamic  idealisation  should 
receive  the  same  sort  of  consideration,  as  that  given  to  structural  idealisation.  In  addition, 
moat  of  tha  real  aerodynamic  problems  requiring  attention  are  associated,  perhaps  unfortunately  for 
the  theoretician,  with  transonic  and/or  high  incidence  conditions. 

Since  it  is  very  unlikely  that  the  necessary  improvements  in  aerodynamic  theory  will  occur  rapidly, 
means  of  improving  the  standard  of  data  and  the  processes  of  acquisition  from  measured  and  empiri¬ 
cal  sources,  also  need  to  be  considered. Ibe  conventional  rigid  wind-tunnel  model  measuring  overall 
forces  and  moments  has  diminished  utility  for  an  advanced  combat  aircraft  since,  in  many  of  the 
critical  regions  of  the  flight  envelope,  quasi-static  aeroelastic  losses,  ranging  from  10#  to  7Z% 
on  different  parts  of  the  aircraft,  will  usually  be  present. 

The  possible  alternative  of  building  models,  capable  of  producing  representative  quasi-static 
aeroelastic  distortions,  is  not  a  practicable  one,  if  adequate  coverage  is  to  be  given  to  the 
necesaary  range  of  flight  configurations  and  conditions.  Models  can,  however,  play  a  part  in  the 
development  of  suitable  quasi-static  aeroelastic  methods,  which  would,  ideally,  be  basically 
theoretical  with  empirical  modifications  when  necessary.  Since  the  test  results  from  a  rigid 
model,  measuring  overall  forces  and  moments,  must  be  empirically  broken  down  into  components, 
prior  to  the  determination  and  incorporation  of  quasi-static  aeroelastic  effects,  it  would  seem 
a  logical  step  forward  to  use  rigid  component  load  models  from  the  outset,  even  if  some  limitation 
on  the  number  of  component  measurements  had  to  be  accepted.  The  information  provided  by  more 
general  use  of  such  component  load  models,  would  also  provide  an  additional  fund  of  empirical  data 
for  loading  purposes.  This  would  assist  the  development  of  empirical  data  sources  and  methods,  to 
provide  a  consistent  counterpart  to  'stability  and  control'  data  sheet  methods.  It  is  also  con¬ 
cluded  that,  when  theoretical  methods  are  unsuitable,  the  digital  computer  needs  to  be  used  to  a 
greater  extent,  for  the  storage  and  subsequent  processing  of  data  to  produce  aerodynamic  des¬ 
criptions  with  the  neceaaar--  speed  and  consistency.  When  suitable  theoretical  methods  later  become 
available,  if  large  computer  times  are  required  to  produce  information  for  a  single  condition,  it 
may  still  be  economic  to  treat  these  data  in  a  similar  fashion  to  that  devised  for  empirical  and 
measured  data. 
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Other  notable  data  deficiencies  exist  in  the  representations  of  fuel  mass  and  automatic  flying 
control  ayatems,  particularly  for  the  frequency  range  associated  with  the  elastic  aeroplane. 
However,  the  correct  representation  of  fuel  mass  would  be  unlikely  to  provide  any  critical  pro- 
bleas  on  an  airoraft  which  adheres  to  the  conventional  design  procedures,  whilst  the  standard 
of  systems  data  is  not  too  critical  in  the  initial  design  stages.  The  subsequent  solution  of 
the  stability  and  response  equations,  which  are  necessary  to  the  tasks  of  load  estimation  and 
aeroelastlclty,  can  be  rapidly  accomplished  to  an  adequate  standard  by  using  digital  computation. 

The  design  of  an  advanced  combat  aircraft,  strongly  emphasises  the  Integrated  nature  of  work  which 
involves  several  different  technical  disciplines.  The  boundaries  between  stability  and  control 
aspects,  quasi-static  loading,  flying  control  systems  analysis,  flutter,  dynamic  loading  and 
stressing  cannot  be  clearly  defined,  especially  when  the  aerodynamic  characteristics  are  not  linear 
functions  of  aircraft  motions  and/or  distortions.  Particular  examples  of  interdependence  ,  of 
direct  interest  to  advanced  combat  aircraft  design,  concern  the  formulation  and  solution  of  the 
equations  of  motion  for  the  quaai-rigid  aeroplane  with  non-linear  aerodynamic  characteristics  (as 
above)  and  the  definition  of  suitable  stressing  parameters  for  monitoring  loads,  during  transient 
responses  of  both  the  quasi-rigid  and  elastic  representations  of  the  aeroplane.  A  policy  of  seg¬ 
regating  the  work  into  isolated  specialist  sections  is  therefore  not  conducive  to  the  rapid  and 
consistent  appraisal  of  a  proposed  design.  Qroups  of  people,  capable  of  dealing  with  several  dis¬ 
ciplines  are  needed,  with  a  level  of  specialist  knowledge  not  ouch  below  that  already  existing 
within  specialist  areas.  This  is  not  an  insuperable  objective,  since,  as  this  report  has  indi¬ 
cated,  many  of  the  tasks  with  aerodynamic  associations  are  only  basically  concerned  with  assess¬ 
ments  of  aircraft  stability  and/or  response  characteristics.  One  of  the  main  handicaps  to  progress 
in  this  direction  is  specialist  jargon,  which  in  some  cases  is  a  product  of  outmoded  conceptions 
and  methods. 

There  is  also  an  important  relationship  between  the  operational  and  design  requirements,  which 
control  the  specification  of  loading  information,  and  the  standards  of  data  which  can  be  achieved. 
The  acquisition  of  adequate  aerodynamic  data,  for  the  prediction  of  realistic  loads,  can  often 
prove  difficult  and  the  resultant  effort  serves  little  purpose  if  unrealistic,  or  unnecessarily 
severe,  requirements  are  imposed.  If  realism  is  not  the  objective,  then  much  of  this  report  be¬ 
comes  irrelevant,  since  improvements  in  technique  or  even  existing  techniques  are  unjustifiable 
elaboration.  A  further  type  of  unrealistic  requirement  in  the  initial  design  stages  (when  data 
standards  are  not  completely  adequate)  concerns  requests  for  dynamic  loading  information,  likely 
to  be  eensitive  to  the  elaatic  representation  of  the  aeroplane. 
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SUMMARY 


An  Investigation  of  military  aircraft  characteristics  and  performance  trends  indicates  that 
Important  advances  have  been  made  In  almost  all  aspects  and  that  orderly  evolutionary  changes 
should  continue.  Currently  available  materials  are  reviewed  and  their  limitations  and  future 
potentials  discussed.  New  materials  and  their  application  and  development  programs,  which  were 
Initiated  to  validated  their  design  potentials  as  well  as  to  establish  confidence  In  their 
structural  Impact  on  future  military  aircraft,  are  highlighted. 

The  findings  are  that  significant  potential  savings  will  be  possible,  If  new  metals  are 
utilised  to  the  fullest  extent,  but  that  revolutionary  advances  in  aircraft  design  and  performance 
could  be  made  by  the  utilization  of  the  new  advanced  filament  composite  materials. 

It  Is  also  noted  that  many  potential  advances  have  not  been  made  because  of  low  cost  effective¬ 
ness  potential,  lack  of  confidence  In  the  new  material,  extensive  data  requirements,  the  requirement 
for  large  capital  Investment  In  new  machine  tools  and  the  presence  of  a  highly  skilled  labor  force. 

Finally,  the  requirements  for  a  better  mutual  understanding  between  the  technical  specialists, 
which  are  necessary  If  these  new  materials  are  to  be  Integrated  into  new  military  aircraft,  are 
outlined. 


Sotnmaire 

Lea  resultats  d'une  etude  des  caracterlstiques  et  d'une  analyse  des  perspectives  pour  le 
rendement  futur  des  avlons  mllltalres  lndlquent  que  des  progres  slgnlf lcatlfs  ont  ete  fait  en 
presque  toua  les  domalnes  et  qu'on  dolt  compter  avec  des  ameliorations  systematlques .  Les 
materlaux  dlsponibles  sont  catalogues  et  leurs  limitations  et  leurs  possibilites  sont  presentees. 

On  a  mis  en  relief  des  nouveaux  materlaux  aussl  que  les  programmes  d' exploitation  et  de  developpement 
correspondents.  Ces  programmes  ont  et£  lances  afln  de  mettre  a  l'epreuve  la  viablllte  de  leur 
construction  et  de  fonder  une  connalssance  plus  detalllee  sur  la  resonance  qu'lls  auront  d'avolr 
au  dessln  des  apparells  mllltalres. 

On  a  constate  qu'll  sera  possible  de  reallser  de  grandes  economies  en  utlllsant  toute  la  gamme 
des  possibility  des  m£taux  rlcemment  apparus.  D'ailleurs  des  avancements  boulversants  peuvent 
Stre  attelnts  dans  le  domalne  de  la  construction  et  de  la  performance  des  avlons  par  l'emplol  des 
nouveaux  materlaux  au  filament  compose  avance. 

On  a  soullgne  en  outre  que  des  nombreux  avancements  deja  reallsables  en  vue  de  la  technologle 
exlstante  ont  ete  empeches  par  un  facteur  de  rendement  economlque  reduit,  la  manque  de  conflance 
en  ce  qul  concerae  les  nouveaux  materlaux  et  la  necessity  prlalable  de  ramasser  une  quantity 
considerable  de  donnees,  de  falre  de  gros  placements  en  nouveaux  machines  outlls  et  de  malntenlr 
un  corps  de  personnel  tres  specialise. 

Enfln  on  a  expose  a  grands  traits  les  conditions  sous  lesquelles  des  speciallstes  techniques 
peuvent  mleux  s' entendre  les  uns  les  autres,  ce  qu'll  s' impose  si  les  nouveaux  materlaux  ont 
d'etre  incorpores  aux  avlons  mllltalres  futurs. 


THE  INFLUENCE  OF  NEW  MATERIALS  ON  AIRCRAFT  DESIGN 
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1.  INTRODUCTION  j 

It  has  often  been  stated  that  Materials  are  the  Key  to  the  future.  An  examination  of  new 
materials  and  their  Influence  on  future  military  aircraft  will,  therefore,  provide  an  Insight 
Into  new  military  aircraft  systems  and  Indicate  the  key  new  potentials  aa  well  as  highlight  areaa 
for  Increased  emphasis. 

The  aircraft  will  be  the  means  for  this  review  and  assessment,  and  the  natural  and  Induced 
environments  to  which  It  Is  exposed  during  its  operational  life  time  will  be  considered  as  the 
obstacles  to  be  overcome. 

Basically,  no  aircraft  Is  any  better  than  Its  structure,  and  no  structure  Is  any  better  than 
the  materials  utilized;  for  the  materlals/structures  system  provides  the  physical  form  of  the 
aircraft  as  well  as  satisfying  the  following  requirements: 

Aerodynamic 
Smoothness 
Correct  Contour 

Structural 

Loads  Transmission 
Maintainability 

Vehicle 

Performance 
Life 


Erosion  Resistant 
Distortion  Resistant 


Stiffness 

Reliability 


Containment 

Shelter 


Prior  to  delineating  the  new  materials  and  their  Influences,  It  Is  deemed  appropriate  to 
establish  a  basis  for  comparison  by  reviewing  the  past  In  order  to  establish  prior  accomplishments, 
capabilities  and  trends  In  military  aircraft. 

Since  a  normal  aircraft  development  program  requires  four  years,  and  since  a  new  material 
requires  from  ten  to  fifteen  years  from  the  time  of  Its  conception  until  Its  wide  application  In 
aircraft,  this  discussion  will  be  directed  toward  aircraft  of  the  post  1975  period. 

2.  CAPABILITIES  AND  TRENDS 


A  review  of  the  current  and  projected  operational  environments,  development  trends  and  potential 
future  capabilities  indicates  an  expanding  frontier  complex  in  scope  which  will  pose  a  continuing 
challenge  to  materlals/design  research  In  the  future. 

The  flight  regimes  shown  by  the  altitude-velocity  plot  of  Figure  1  (1)  Include  areas  of 
sustained  flight,  those  considered  feasible  for  future  sustained  airbreathing  flight,  and  the 
broad  corridor  potentially  available  for  boost  glide  or  lifting  reentry  flight.  Almost  all  flight 
experience  to  date  has  been  confined  to  the  subsonic  regime  -  small  solid  portion;  however,  the 
area  up  to  50,000  feet  and  2,000  feet  per  second  has  also  been  utilized  for  extensive  operational 
military  flying.  Experience  In  the  expanded  envelope  shown  for  current  sustained  flight  has  been 
gained  with  only  a  few  aircraft,  such  as  the  B-57D,  U-2,  XB-70,  and  SR-71.  Potential  expansion  of 
this  regime  by  ramjets,  scramjets,  or  mixed  cycle  engines  is  shown  up  to  speeds  of  12,000  feet  per 
second.  To  date,  only  a  few  ramjet  missiles  and  the  X-15  have  probed  this  regime.  Expansion  to 

even  higher  speeds  has  been  studied  but  Is  currently  speculative.  The  glide  and  lifting  reentry 

regime  has  been  probed  by  the  X-15,  ASSET,  and  PRIME  flights.  While  total  flight  time  above  Mach  3 
Is  limited  to  relatively  few  hours,  significant  progress  has  been  made  In  developing  the  needed 
technologies  through  those  flight  programs,  the  X-20  (DynaSoar)  development,  NASA  research  efforts 
and  contractor  programs.  Numerous  studies  of  boost  glide  systems,  reusable  launch  vehicles,  and 
lifting  reentry  spacecraft  have  examined  potential  system  capabilities,  the  structural  development, 
and  material  research  requiring  emphasis.  Although  many  orbital  launches  and  several  eminently 
successful  manned  reentry  flights  have  been  made,  much  remains  to  be  accomplished  In  these  areas. 

On  this  Flight  Regimes  Figure  -  Figure  2  -  there  are  superimposed  the  dynamic  pressures  and  the 

equilibrium  temperatures  for  the  lower  surface  skins  five  feet  aft  of  the  leading  edge  of  the 

lifting  surface  in  order  to  indicate  the  magnitude  of  the  induced  environments  encountered  by  the 
flight  vehicles  In  the  various  portions  of  the  flight  regimes. 

Progress  as  indicated  by  these  Flight  Regimes  figures  and  the  trends  depicted  by  Figures  3 
through  7  forecast  the  expanding  frontier,  scope,  and  complexity  with  which  the  materials  specialist 
must  cope. 

Figure  3  shows  the  trends  in  design  speed  over  the  past  twenty  years  while  Figure  4  shows  the 
trends  in  design  gross  weight  over  the  same  time  span.  A  simple  projection  of  the  maximum  gross 
weight  trend  Indicates  that,  if  the  trend  continues,  we  shall  have  the  million  pound  airplane  by 
1980. 
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A  relatively  new  environmental  phenomenon  la  that  o>  aonlc  fatigue  which  la  Induced  by  the  high 
proportion  of  the  energlei  In  the  exhauata  of  the  propulalon  syetema  or  In  high  apeed  flowi  that 
ara  converted  to  nolae  of  aufflclent  Intensity  to  fail  the  structure  and  to  degrade  the  performance 
of  equipment  and  the  crew.  The  awlft  Increase  of  this  noise  environment  with  time  Is  presented  In 
Figure  5.  Simple  physical  conalderationa  Indicate  that  near  field  nolae  for  limited  areas  of  VTOL 
vehicles  can  reach  170  decibels  caused  by  the  doubling  of  noise  sound  pressure  levels  by  full  ground 
reflection. 

Shown  in  Figure  6  (2)  Is  the  trend  In  airframe  materials  application  which  Is  influenced  by  the 
loading  Intensities,  the  environmental  effects,  the  Improvement  of  the  materials'  characteristics, 
manufacturing  capabilities  and  costa. 

The  universal  yardstick  for  measuring  structural  efficiency  has  been  the  structural  weight 
fraction  (Xa),  or  the  ratio  of  the  structural  weight  to  the  take-off  gross  weight.  In  the  1938 

edition  of  their  Airplane  Structures.  Niles  and  Newell  noted  that  .  "structural  weight  of 

landplanes  varies  from  25  to  35  percent  of  the  total".  The  trend,  slightly  downward  In  this  measure 
of  efficiency,  as  shown  In  Figure  7,  la  a  tribute  to  the  designers  who  In  the  face  of  the  requirement 
for  the  Increased  complexity  and  the  more  severe  operational  environment  (Figures  2  through  6)  have 
been  able  to  make  such  an  Improvement  possible  partially  through  the  use  of  Improved  materials  but 
primarily  through  new  design  concepts.  The  only  airframe  that  apparently  does  not  comply  with  the 
trend  Is  one  which  not  only  Incorporates  most  of  the  features  which  tend  to  increase  the  structural 
weight  but  also  Is  of  a  size  never  before  attempted  In  airplane  design  and  Is  the  only  one  -  since 
It  haa  only  recently  flown  -  which  has  not  benefited  from  potential  growth. 

The  reduction  of  the  structural  weight  fraction  la  one  of  the  most  significant  means  of  Increasing 
aircraft  operational  efficiency.  Since  payloads  vary  from  2  to  30X  of  the  gross  weight,  depending 
on  fuel  load,  flight  distance  requirements,  and  vehicle  type;  the  reduction  of  the  structural  fraction 
by  40X  could  result  In  sizable  Increases  In  the  payload  fraction,  25X  In  one  case  and  400Z  In  another; 
for  example. 

And  structural  weight  savings  of  this  magnitude  will  be  attainable  by  the  utilization  of  the  new 
materials  and  design  concepts  to  be  discussed  later. 

Prior  to  Investigating  the  influence  of  new  materials  on  slrcraft  design  a  review  of  existing 
materials  and  materials  development  programs  will  be  made  in  order  to  establish  a  basis  for 
comparison.  An  example  of  the  materials  employed  In  a  recent  aircraft  design  by  type  and  fabrica¬ 
tion  process  Is  shown  In  Figure  8  (3). 

3.  MATERIALS  REVIEW 

3.1  Aluminum 

Aluminum  alloys  are  the  backbone  of  many  aerospace  vehicle  structures  and  provide  the  designer 
with  a  broad  spectrum  of  materials  properties.  In  general,  aluminum  alloys  suffer  from  three 
primary  deficiencies,  namely  low  fracture  toughness,  stress  corrosion  susceptibility  and  poor 
weldability,  In  various  degrees,  at  high  strength  depending  upon  alloy  composition  and  heat  treat¬ 
ment. 

These  problems  are  being  attacked  and  advances  have  occurred  In  the  development  of  improved 
stress  corrosion  resistant  alloys  by  the  use  of  new  thermal  treatments  such  as  oversglng  to  the 
T73  condition.  The  7075  and  7079  plate  and  forging  alloys  In  the  overaged  T73  condition  have 
largely  replaced  the  higher  strength  tempers  because  the  improved  stress  corrosion  resistance  Is 
more  valuable  than  the  12  to  15  percent  loss  In  strength.  For  large  parts  procedures  for  selective 
overaglng  of  the  stress  corrosion  critical  areas  are  being  developed.  Development  efforts  on  alloy 
additions  which  will  provide  the  requisite  stress  corrosion  resistance  and  the  higher  strength  are 
being  vigorously  pursued. 

A  large  Inventory  of  alloys  exists  with  wide  latitude  for  trade-offs  in  material  properties. 

It  Is  anticipated,  however,  that  only  modest  Increases  in  strength  will  be  attained,  but  significant 
Improvements  will  be  made  In  welded  joint  strengths,  ductility,  fatigue  and  stress  corrosion 
resistance. 

3.2  Titanium 

Titanium  has  been  established  as  a  prime  flight  vehicle  structural  material  having  been  used 
in  the  F-100  (Aft  fuselage),  the  XB-70  (fuselage),  the  Mercury  (Heat  shingles)  and  the  SR-71  as 
well  as  In  commercial  aircraft.  Titanium  alloys  in  the  alpha,  alpha-beta  and  beta  phases  exhibit 
a  wide  range  of  desirable  physical  properties  with  the  beta  alloys  having  the  highest  yield  strength 
with  high  elongation  and  the  alpha  alloys  having  a  wider  temperature  range  of  good  ductility  and 
toughness. 

Requirements  for  sustained  operation  at  cryogenic  temperature,  as  well  a  moderately-hlgh- 
temperatures,  will  result  In  the  wide  application  of  titanium  to  such  structures,  as  it  shows 
definite  strength  and  ductility  advantage  In  both  areas.  It  is  possible  to  achieve  high  strength/ 
weight  ratios  with  titanium  alloys,  and  the  lighter  weight  permits  increased  geometrical  cross 
section  for  a  given  weight,  resulting  In  superior  performance  under  compressive  buckling.  Titanium 
Is  resistant  to  atmospheric  and  salt  water  corrosion  and  completely  compatible  with  most  common 
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fuels  and  oxidizers.  In  addition,  titanium  alloys  are  fabrlcable,  many  are  weldable  and  they 
generally  provide  good  fatigue  propertlea, 

A  wide  variety  of  alloys  are  available  for  use  over  the  temperature  range  from  -423  to  950°F. 
Research  Is  aimed  at  developing  a  stable  alloy  for  extended  use  up  to  1200°F  and  In  Improving  the 
strength,  ductility,  fracture  toughness  and  stress  corrosion  of  current  materials. 

In  1968,  however,  Titanium  Metals  Corp.  of  America  reported  that  total  mill  product  shipments 
were  only  12,000  tons  -  approximately  14  percent  briow  the  previous  year  -  and  substantially  below 
the  expanded  Industry  capsclty. 

3.3  Steels 

Steels  have  found  and  will  continue  to  find  a  wide  application  in  the  aerospace  vehicles  because 
of  their  ready  availability  In  many  forms  and  shapes,  ease  of  fabrication,  wide  range  of  physical 
properties,  low  costs  and  broad  base  of  applied  knowledge  concerning  their  application,  wide  range 
In  temperature  capabilities,  and  the  Intensive  research  performed  by  almost  all  Industries  to  Improve 
their  properties. 

Maraglng  steels  are  a  new  family  of  alloys  which  possess  a  combination  of  high  strength  and 
fracture  toughness  that  cannot  be  achieved  with  current  high  strength,  low-alloy  steels  and  should 
find  wide  application.  Two  deficiencies  in  these  alloys  are  low  fracture  toughness  In  weldments 
and  delamlnatlon  In  thick  sections  which  must  be  overcome. 

Air  Force  Material  Laboratory  (AFML)  research  has  produced  a  martensitic  high  strength,  high 
temperature,  corrosion  resistant  steel  known  as  AFC-77.  This  steel, which  is  the  strongest  of  the 
current  metals,  can  be  used  to  replace  more  costly  superalloys  below  1200°F  as  well  as  to  replace 
ferritic  stainless  steels  when  higher  strength  and  Improved  oxidation  resistance  are  required. 

Alloys  with  a  wide  range  of  properties  are  available.  Current  effort  Is  directed  at  Increasing 
the  reliability  of  available  steels  by  Improving  their  toughness  and  resistance  to  environmentally- 
induced  delayed-fallure  mechanisms  such  as  stress  -orrosion  cracking,  hydrogen  stress  cracking  and 
surface  adsorption  effects. 

3.4  Beryllium 

Beryllium  is  finding  Its  place,  although  a  limited  ont,  In  the  structures  of  launch  and  space 
vehicles.  The  properties  which  make  this  material  so  attractive  to  flight  vehicle  structures  are 
its  high  modulus  of  elasticity,  low  density,  high  melting  point,  good  thermal  conductivity,  and 
high  thermal  capacity.  The  biggest  single  deterent  to  the  wide  spread  application  of  this  material 
In  the  aerospace  Industry  has  been  Its  inherent  brittleness.  Alloying  with  aluminum  has  produced 
Improved  ductility  but  at  a  sacrifice  of  other  properties. 

This  Inherent  deficiency  has  now  been  accepted  and  has  resulted  In  Increased  studies  of  "design 
with  brittle  materials".  Current  advanced  development  programs  are  directed  toward  determining  the 
extent  of  possible  application  of  beryllium  in  both  primary  structure  and  propulsion  systems.  These 
results  will  Influence  the  degree  of  future  use. 

Beryllium  Is  commercially  available,  and  future  effort  will  be  concentrated  on  increasing  its 
reliability  and  reproducibility  by  control  of  purity  and  production  processes. 

3.5  Superalloys 

Alloys  of  nickel  and  cobalt  are  available  for  high  temperature  applications  and  have  been 
utilized  extensively  in  gas  turbine  engines  and  high  performance  aircraft  structures  because  of 
their  good  strength  and  oxidation  resistance  in  the  temperature  range  1200-1800°F. 

The  discovery  that  the  addition  of  thorla  particles  to  nickel  and  cobalt  produced  Increased 
stability  at  high  temperature  promises  significant  advancement  in  superalloys.  The  use  of  this 
dispersion  strengthening  mechanism  together  with  alloying  elements  such  as  chrominum  and  molybdenum 
have  resulted  in  experimental  alloys  with  Improved  <i:rength  and  oxidation  resistance  at  temperatures 
up  to  2200°F  at  low  to  moderate  stress  levels.  Development  of  oxidation  resistant  coatings  is  in 
progress  and  will  be  essential  for  long-time  component  integrity. 

Conventional  alloys  are  available  for  use  up  to  1800°F  for  structural  and  propulsion  applications. 
Continuing  research  Is  expected  to  produce  further  Increases  in  strength  and  oxidation  resistance 
by  dispersion  strengthening  and  alloying  to  permit  higher  temperature  operational  levels. 

A  new  superalloy,  Rene'  95,  has  been  developed  for  the  AFML.  This  new  alloy  has  exceptionally 
high  strength  in  the  Intermediate  temperature  range  -  tensile  yield  190,000  psi  at  1000°F  -  which 
will  provide  an  estimated  25  percent  savings  in  weight  ir  turbine  engine  compressor  discs. 

3.6  Refractory  Metals 

Columbium,  molybdenum,  tantalum  and  tungsten,  because  of  their  high  temperature  melting  points 
and  their  strength  capabilities  above  the  temperature  limits  of  the  superalloys,  have  been  exploited 
for  use  in  radiative  heat  shields,  rocket  nozzles  and  structural  elements  in  hypersonic  cruise  and 
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reentry  vehicles.  Their  primary  limitation  is  poor  oxidation  resistance  at  high  temperature 
requiring  a  protective  coating.  Many  of  the  early  difficulties  In  processing,  forming,  fabricat¬ 
ing  and  Joining  these  materials  have  been  overcome .  Tiie  feasibility  of  using  and  reusing  columblum 
and  molybdenum  in  reentry  structure  has  been  proven  by  t  le  ASSET  flights.  Tungsten  has  Bhown  its 
merit  as  a  rocket  nozzle  Insert  and  In  high  temperature  fastener:;. 

Alloys,  with  protective  coatings,  are  available  for  use  up  to  1000°F.  Continued  Investigation 
of  alloying  additions  and  strengthening  mechanisms  will  provide  improvements  In  mechanical 
properties  at  temperatures,  with  emphasis  on  columbium  due  to  Its  versatility  for  a  wide  variety 
of  applications;  and  tantalum  because  of  Its  ease  of  fabrication  and  weldability. 

3.7  Coatings 

Coatings  to  protect  refractory  metals  from  oxidation  at  high  temperature  are  mandatory.  Coat¬ 
ing  systems  have  been  developed  which  afford  protection  from  one  hour  to  one  hundred  hours  dependent 
upon  the  alloy,  temperature  and  environment.  Coating  development  for  the  refractory  metals  can  best 
be  described  as  at  the  advanced  laboratory  state,  ranging  from  semi-commercial  coatings  for  molyb¬ 
denum;  through  pilot-work  on  columbium;  to  promising  developments  for  tantalum  and  tungsten. 

The  development  of  fused  slurry  slllcide  coating  systems  has  provided  a  quantum  Jump  In  coated 
refractory  metal  alloy  life.  Fifty  or  more  reuses  of  reentry  vehicle  heat  shield  applications  art 
now  possible. 

3.8  Ablatives 

Ablative  materials,  which  have  alleviated  the  thermal  problem  In  hypersonic  flight,  have  a 
number  of  Inherent  advantages  such  as;  light  weight,  low  coat,  ease  of  fabrication,  passive  In 
operation,  resistant  to  high  heat  fluxes.  Insulate  substructure,  and  no  upper  limit  to  service 
temperature.  Among  their  limitations,  which  are  few,  are  decreased  efficiency  with  long 
exposure  time,  out  gassing  in  vacuum,  and  susceptibility  to  mechanical  damage. 

The  large  number  of  materials  which  have  been  developed  for  ablative  uses  have  been  utilized 
In  a  homogeneous  state  or  as  a  composite  material.  Homogeneous  materials  Include:  epoxy, 
phenolic,  polyamide,  polyurethane,  polytetraflouroethylene  and  pyrolyzed  resins.  The  composite 
materials  are  further  classified  as  reinforced  plastics  -  organic  or  inorganic  resins  containing 
various  reinforcing  agents,  filled  plastics,  organic  or  inorganic  resins  containing  powdered 
fillers,  and  internally  ablative  plastics  -  low  temperature  ablating  resin  in  a  charred  resin 
matrix,  charring  resins  Impregnated  with  a  subliming  endothermic  salt,  low-temperature  ablating 
resin  In  a  porous  ceramic  matrix. 

Although  the  current  ablative  materials  have  performed  well  efforts  are  underway  to:  provide 
low  modulus  polymers  by  adding  plasticizers  to  the  basic  polymer,  extending  the  polymer  chain,  or 
copolymerizing  the  resin  with  other  elastomerlcs  polymers;  improve  the  char  strength  of  phenolic 
resins  by  increasing  the  carbon  content  of  the  phenollcs  by  copolymerization;  increase  the 
molecular  weight  of  moldable  polyphenylenes,  improve  their  thermosetting  characteristics,  provide 
new  curing  agents;  and  develop  organoboron  resins  as  ablative  materials. 

3.9  Filament  Composites 

The  previously  discussed  materials  have  made  and  will  continue  to  make  possible  significant 
evolutionary  advances  in  aircraft  design.  The  filsment  composites  which  are  the  subject  of  this 
section  will  provide  for  revolutionary  advances  in  aircraft  design  because  of  their  high  strength, 
great  stiffness  and  low  densities. 

Glass  fiber  reinforced  plastics  have  long  been  used  for  secondary  structures,  radomes, 
antennas,  pressure  vessels,  fluid  containers  and  rocket  motor  cases.  They  are  characterized 
as  having  excellent  fatigue  life,  high  strength  to  weight  ratios  and  as  being  non-corrosive. 

In  addition,  they  can  be  "tailor-made"  to  specifically  meet  various  loading  and  environmental 
conditions.  Initial  efforts  with  these  materials  had  been  based  on  glass  filaments  or  cloth  as 
the  reinforcing  agent  in  phenolic,  silicone  or  epoxy  resin  matrices. 

Recent  advances  in  both  reinforcements  such  as  boron  and  carbon  filaments  and  in  matrix 
materials  such  as  polyimlde  and  polybenzimldlzole  resins  will  create  a  completely  new  set  of 
materials  and  with  a  vastly  Increased  scope  of  applications.  Reinforcement  of  ceramic  and 
metal  matrices  is  also  being  accomplished  in  order  to  produce  higher  strength  to  weight, 
temperature  resistant  and  shock  resistant  composite  materials. 

A  broad  and  expanding  base  of  composite  technology  for  structural  applications  currently 
exists.  Present  studies  and  manufacturing  technology  programs  are  directed  to  analysis,  design 
and  fabrication  efforts  to  more  fully  explore  and  extend  the  application  and  use  of  conventional 
composites.  Advanced  composites  are  being  rapidly  exploited  by  the  development  of  engineering 
materials  and  hardware  demonstration. 


A  summary  of  material  usage  ratings  and  costs  is  contained  in  Table  1  (A). 
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4.  APPLICATION  PROGRAMS 

4.1  Beryllium 

To  acquire  neceesary  test  and  operational  experience  and  to  provide  confidence  which  will  lead 
to  appllcatlona  exploiting  beryllium' a  very  favorable  high  atrength-to-weight  and  modulus  of 
elastlclty-to-welght  ratios,  high  thermal  conductivity  and  specific  heat,  two  programs  were  under¬ 
taken  to  provide  design  data  and  structural  concepts,  to  Improve  production  and  processing 
techniques,  and  to  perform  evaluation  tests. 

In  the  first  program  the  contractor  (3)  designed,  produced  and  tested  two  box  beams  to  the 
requirements  of  an  aerospace  plane  type  vehicle.  The  wing  box  structures  were  designed  for 
operation  In  the  -65°F  to  500*^  temperature  range  with  representative  external  loading  conditions. 

The  first  of  these  boxes  failed  at  156X  of  limit  load  In  a  section  approximately  two  Inches 
outboard  of  the  root  fitting  with  the  Initial  failure  attributed  to  a  local  compressive  Instability 
In  the  upper  surface  skin  and  stringers.  The  test  temperature  was  -6S°F.  The  second  of  these 
boxes  failed  at  150Z  of  limit  load  for  maximum  temperature  gradients  at  a  significant  time  after 
application  of  a  maximum  temperature  gradient.  The  failure  was  Initiated  by  a  post  buckling  shear 
type  failure  in  the  outer  panel  front  spar  web  when  the  stabilizing  tensile  stresses  In  the  web 
began  to  decrease  with  the  decrease  In  temperature  gradient. 

In  the  second  program,  the  contractor  (4)  designed,  produced  and  tested  a  rudder  for  the  F-4C 
airplane.  The  rudder.  Figure  9  (4),  consists  of  all  beryllium  parts  aft  of  the  hinge  line  with 
the  exception  of  the  aluminum  honeycomb  core,  the  mechanical  fasteners,  and  some  shear  clips.  The 
core  and  fasteners  are  not  available  in  beryllium,  and  the  cost  of  the  clips  was  considered  too 
high  for  the  weight  saved.  No  attempt  was  made  to  utilize  beryllium  forward  of  the  hinge  line 
because  a  portion  of  the  weight  saved  would  only  have  been  placed  back  Into  the  balance  weights. 

This  rudder,  which  resulted  In  an  overall  weight  saving  of  40Z  (37.5  pounds  versus  63.03  pounds 
for  aluminum),  has  satisfactorily  passed  all  test  requirements  for:  (1)  balance  weight  fatigue  - 
50,000  cycles  at  40g;  (2)  a  rolling  pull-out  flight  condition  in  which  both  the  fin  and  rudder 
supported  150Z  of  the  limit  load;  and  (3)  full  available  actuator  hinge  moment  condition  with  the 
airload  cp  at  30Z  of  the  chord. 

Two  tests  were  conducted  for  condition  number  3.  The  first  test  was  discontinued  at  150Z  of 
the  limit  load.  Since  the  aluminum  rudder  had  previously  sustained  225Z  of  the  limit  load,  a 
second  test  of  the  beryllium  rudder  was  performed  in  order  to  obtain  a  direct  comparison.  At  205Z 
of  limit  load  a  crack  occurred  at  the  forward  end  of  the  trailing  edge  lower  closure  rib.  However, 
the  applied  load  did  not  fall  off  as  a  result  of  this  crack.  The  test  was,  therefore,  continued 
to  250Z  of  limit  load  without  further  incident. 

This  rudder  was  subsequently  Installed  in  the  Sonic  Fatigue  Facility  at  WPAFB  and  sustained  12 
hours  of  test  at  150db  and  10  hours  of  153db  without  serious  consequen cec  but  experienced  a  sonic 
fatigue  failure  in  the  lower  torque  box  skins  and  ribs  after  45  minutes  exposure  to  156db.  An 
x-ray  taken  prior  to  sonic  testing  indicated  the  presence  of  a  crack  In  a  rib  web  to  flange  radius 

which  was  the  result  of  the  static  testing.  Subsequent  x-rays  taken  at  4,  8,  12,  16,  19  and  22 

hours  showed  the  growth  of  this  crack  and  additional  damage.  This  performance  exceeded  the  require¬ 
ments.  After  completion  of  the  sonic  tests,  a  residual  strength  test  for  the  loading  of  condition 

3  was  conducted.  The  rudder,  in  the  damaged  condition,  momentarily  supported  200Z  of  the  limit 

load. 

In  order  to  further  evaluate  this  material  and  to  prove  its  adequacy  for  combat  aircraft, 
surplus  small  panels  were  subjected  to  gunfire  tests  with  satisfactory  results. 

Based  on  the  successes  of  this  program  another  beryllium  rudder  was  fabricated  for  flight  test 
evaluation  which  was  started  in  May  1968. 

While  performing  a  rolling  pull  out  maneuvering  in  the  tenth  hour  of  the  flight  testing,  the 
pilot  lost  control  as  the  result  of  the  aircraft  becoming  roll-yaw  coupled  and  two  360°  rolls  were 
made  before  the  pilot  gained  control.  The  strains  recorded  during  this  inadvertent  maneuver 
indicated  that  both  the  fin  and  rudder  were  subjected  to  loads  in  excess  of  design.  The  rudder, 

In  fact,  was  permanently  buckled  (12  Inches  long,  5  inches  wide  and  .04  inches  deep)  on  the  right 
side  with  the  buckle  extending  diagonally  down  from  the  lower  hinge.  Since  no  other  damage  was 
incurred  and  since  the  buckle  did  not  detract  from  the  ability  of  the  rudder  to  support  the  design 
loads,  flight  testing  was  continued.  At  the  time  of  this  report  (1  May  69)  fifty  three  hours  and 
eighteen  minutes  of  flight  time  have  beer,  accumulated  without  further  incident. 

Studies  made  in  conjunction  with  this  program  have  shown  that  an  additional  significant  savings 
of  770  pounds  out  of  2240  pounds  could  be  made  in  the  basic  F-4C  airframe  by  substituting  beryllium 
for  aluminum,  titanium  and  steel  -  Figure  10  (7) ,  and  that  savings  up  to  75Z  could  be  made  in  the 
control  surfaces  of  Mach  3  aircraft. 

The  weight  savings  predicted  for  the  main  landing  gear  brakes,  as  Indicated  on  this  figure, 
have  been  verified  by  the  contractor  who  successfully  flight  tested  the  brake  discs  on  two  F-4 
aircraft.  Another  interesting  application  in  a  brake  system  is  that  for  the  C-5A.  In  this  system 
both  the  stator  and  rotor  discs  on  all  twenty  four  wheels  were  designed  for  beryllium  at  a  weight 
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savings  of  1500  pounds  for  the  airplane. 

4.2  Dispersion  Strengthened  Metals 

In  order  to  efficiently  and  effectively  bridge  the  gap  In  materials  application  between  the 
superalloya  and  the  refractory  alloys  In  the  1400°F  to  2400°F  range,  exploitation  of  the  good 
strength  and  Inherent  oxidation  resistance  of  dispersion  strengthened  metals  (DSM),  both  nickel 
and  cobalt  based, has  been  initiated.  A  three  phased  effort  is  underway  to  determine  representative 
structural  components  of  future  vehicles  which  could  advantageously  utilize  these  materials, 
establish  materials  acceptance  requirements  and  develop  engineering  design  data.  To  date,  the  more 
promising  structural  configurations  have  been  selected,  structural  design  data  developed,  preproduc- 
tlon  components  fabricated  and  tested,  an  aircraft  component  designed,  and  efficiency  studies 
Initiated. 

4.3  Refractories 

The  refractory  metals,  which  have  high  melting  points,  high-temperature  strength,  high  thermal 
conductivity  and  low  thermal  expansion,  will  be  the  basic  materials  for  heat  shields  and  primary 
hot  structure  for  hypersonic  cruise  vehicles  and  high  L/D  reentry  vehicles.  Unfortunately,  these 
materials  oxidize  ropldly,  are  expensive,  are  difficult  to  fabricate  and  are  extremely  low  In 
specific  strength. 

Much  has  been  learned,  however,  from  the  several  flight  vehicle  development  programs  that  have 
provided  structural  material  systems  design  concepts,  manufacturing  methods  and  design  data  for 
hypersonic  flight  vehicles  utilizing  the  super-alloys,  refractory  metals,  and  ablators.  Notable 
among  these  were  the:  X-20  (DynaSoar) ,  ASSET,  ASCEP  and  the  PRIME  reentry  vehicles.  Several 
advanced  development  programs  now  underway  will  provide  supplementary  data.  Materials  and  types 
of  construction  for  two  of  these  programs  are  shown  in  Figures  11  and  12  (8,  9).  Notable  contri¬ 
butions  made  by  these  programs  to  the  structural  materials  areas  of  processing,  fabrication,  and 
testing  of: 


REFRACTORY  ALLOYS 
CERAMICS 
SUPERALLOYS 
CYROGENIC  INSULATION 


REFRACTORY  ALLOY  COATINGS 
REFRACTORY  ALLOY  FASTENERS 
HIGH  TEMPERATURE  INSULATION 
BRAZING  ALLOYS 


Much  more  must  be  learned  about  the  processing,  joining,  coating  and  long  term  characteristics 
of  these  most  Interesting  materials  prior  to  their  utilization  in  manned  flight  vehicles. 

4.4  Composites 

Recognizing  the  need  for  a  concerted  effort  in  order  to  gain  engineering  design  data,  to  develop 
hardware,  to  establish  manufacturing  techniques  and  machinery,  and  to  Instill  confidence  In  the 
technical  community  for  these  materials  as  well  as  to  insure  its  earliest  possible  application  in 
aircraft  design;  the  Air  Force  Materials  Laboratory  initiated  an  Advanced  Development  Program  to 
accomplish  those  objectives  for  Advanced  Filament  Composites. 

Fundamental  phases  of  the  program  provide  for  the  simultaneous  investigation  of  the  composites 
on  the  micro,  macro,  and  engineering  levels  with  the  efforts  directed  by  both  materials  and 
structures  engineers. 

The  tremendous  advantages  of  filament  composites  are  readily  apparent  from  the  data  contained 
in  Table  2. 

The  initial  phases  of  this  program  included  the  fabrication  of  a  number  of  representative 
structural  components  for  aircraft,  helicopters,  reentry  vehicles  and  turbine  engines. 

For  aircraft  application  two  identical  5  foot  x  5  foot  load  bearing  components  from  the 
stabilizer  of  the  F-lll  were  designed,  fabricated,  and  tested.  These  components,  which  utilized 
boron-epoxy  skins,  full  depth  honeycomb  core,  fiber-glass  closure  spars  along  each  edge,  and 
titanium  end  fittings,  were  determined  by  test  to  be  one  percent  stiffer  under  supersonic  loadings 
and  four  percent  stiffer  under  subsonic  loadings  than  the  design  requirements.  One  component  was 
statically  tested  to  destruction  at  133Z  of  the  limit  loading  (89%  ultimate).  The  other  component 
was  successfully  exposed  to  four  life  times  of  the  fatigue  spectrum  and  then  static  tested  to 
destruction.  This  component  failed  at  113%  of  limit  load  (75%  ultimate).  Both  failures  occurred 
in  the  attachment  of  the  composite  structure  to  the  titanium  end  fitting. 

This  program  demonstrated  that  the  computerized  design  techniques  established  for  the  program 
are  adequate  for  hardware  design,  that  adequate  controls  can  be  attained  for  the  hand  layup  tech¬ 
nique  of  fabrication,  and  that  a  projected  weight  payoff  of  32%  can  be  achieved. 

In  another  airframe  structural  component  program,  two  identical  wing  boxes  representative  of 
the  T-39  center  box  were  designed,  fabricated  and  tested  by  North  American  Rockwell.  These 
components  -  24  inches  x  16  inches  x  6  inches  -  included  upper  and  lower  plates  of  boron-epoxy 
skin  with  aluminum  honeycomb  core,  fiberglass  and  stainless  steel  test  attachment  fittings. 

The  first  box  was  static  tested  to  destruction  with  failure  occurring  at  90%  of  limit  load 


•mvmmvcm*  I.'*.- .  *****  *•'»  < 


13-7 


(60S  ultimate).  This  failure,  which  occurred  well  below  the  design  requirements,  was  attributed 
to  the  extreme  difference  In  stiffness  between  the  specimen  and  the  steel  test  fittings  which 
resulted  in  excessive  shear  stresses. 

The  second  box  was  fatigue  tested  and  successfully  attained  three  life  times  of  the  service 
load  spectrum,  but  failed  two-thirds  through  the  fourth  life  time. 

The  results  of  this  program  highlighted  the  Importance  of  matching  the  design  stiffness  In  the 
boron-epoxy  to  metal  attachment  areas. 

Three  major  helicopter  rotor  blade  components  were  designed,  fabricated  and  tested  by  Boeing 
Vertol.  The  first,  a  28  inch  section  of  the  UH-1F  tail  rotor  constructed  of  boron-epoxy  sklnc, 
trailing  edge  and  spar  cap  with  an  aluminum  honeycomb  core  and  a  stainless  steel  leading  edge 
erosion  cap,  proved  to  be  36Z  stlffer  In  bending,  41Z  stiffer  in  torsion,  and  20Z  lighter  than  Its 
aluminum  counterpart.  The  second,  a  6  foot  representative  section  of  a  main  rotor  blade,  was  made 
entirely  of  boron-epoxy  and  fatigue  tested  In  the  free  -  free  beam  mode.  The  failure  which  occurred 
after  only  81,400  cycles  was  attributed  to  poor  fabrication  techniques  which  allowed  a  30X  void 
filled  composite  material  to  be  produced.  The  third,  a  main  rotor  root  end  component,  was  fatigue 
tested  through  five  million  cycles  of  the  fatigue  load  without  failure. 

In  addition  to  these  laboratory  test  programs,  a  functional  flight  test  program  la  currently 
being  performed  on  the  F-lll  airplane  on  a  wing  lower  aurface  air  deflection  door  5>j  feet  x  1  foot 
with  boron-epoxy  skin  and  full  depth  honeycomb  core,  a  wing  panel  and  ar  aft  main  landing  gear  door. 
Other  programs,  which  exploit  this  new  material  system,  are  currently  In  the  planning  phase.  Of 
particular  interest  Is  the  boron-epoxy  F-4  rudder  being  developed  by  the  contractor  as  a  part  of 
his  Independent  Research  and  Development  program  which  will  provide  a  basis  for  comparison  with  the 
aluminum  and  beryllium  rudders. 

A  second  F-lll  horizontal  stabilizer  program  was  Initiated  to  make  a  more  extensive  application 
of  filament  composites.  This  stabilizer  utilizes  a  full  depth  honeycomb  sandwich  with  boron  epoxy 
skins  with  0°  ±  45°  fiber  orientation.  The  weight  saving  In  this  application  amounted  to  25  per 
cent  overall  but  to  60  per  cent  for  the  boron  members  only. 

In  addition  to  these  laboratory  teat  programs,  functional  flight  test  programs  are  currently 
being  performed  on: 

F-lll  Wing  Trailing  Edge  Panel 

Aluminum  16.3  pounds 

Boron  14.0  pounds 

Sandwich  Structure  with  boron  face  sheets  with  90°  ♦  30°  orientation 
Flown  for  2  years  with  no  visible  degradation 

F-lll  Landing  Gear  Door 

Aluminum  20 . 8  pounds 

Boron  17.3  pounds 

Sandwich  Structure  with  boron  face  sheets 
Flown  for  2  years  with  no  visible  degradation 

F-4  Rudder 

Aluminum  64.0  pounds 

Boron  40.0  pounds 

Sandwich  Structure  with  boron  face  sheets  with 
0°  ±  45°  orientation  (Torsional  critical) 

A-4  Flap  Aluminum  21.6  pounds 

Boron  16.9  pounds 

Carbon  13.2  pounds 

Sandwich  Structure  with  boron  face  sheets  0°,  90°  t  45°  orientation, 
(Deflection  critical) 

F-5  F-5  Landing  Gear  Door 

Aluminum  17.5  pounds 

Boron  1?  4  pounds 

Sandwich  Structure  bcur-i  face  sheets  0°,  90°  t  45°  orientation, 
(Stiffness  critical) 

F-5  Leading  Edge 

Carbon 

Except  for  the  new  F-lll  horizontal  stabilizer  program  weight  saving  was  not  the  motivating 
factor  behind  these  programs.  The  primary  goal  had  been,  as  mentioned  previously,  to  gain 
engineering  design  data,  to  develop  hardware,  to  establish  manufacturing  techniques  and  machinery 
and  to  Instill  confidence  in  these  materials.  That  these  goals  have  been  attained  can  be  attested 
to  by  the  fact  that  boron  epoxy  structures  are  being  developed  for:  the  C-5A  leading  edge  slats, 
the  F-4  rudder  and  the  F-14  horizontal  stabilizer. 

5.  DESIGN  CONCEPTS 


\ 


In  order  to  improve  the  performance  of  the  structural  materials  available  the  designer  has 
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developed  means  for  more  effectively  utilizing  the  mechanical  properties  of  the  materials  by 
improving  joining  and  attachment  techniques  and  methods,  by  utilizing  cross  sectional  shapes  which 
more  efficiently  utilize  the  material  employed  or  by  utilizing  materials  with  different  properties 
in  such  a  manner  as  to  exploit  only  those  outstanding  qualities  desired. 

Currently,  design  concepts  which  show  promise  for  the  future  are  the  extensive  use  of  welding 
for  joining  and  attaching,  particularly  the  use  of  electron  beam  welding  which  has  little  effect 
upon  the  material's  properties  and  which  can  weld  very  thick  sections  in  a  single  pass;  the  use  of 
diffusion  bonding  which  offers  even  greater  advantages  than  welding  as  there  is  no  degradation  of 
the  material's  properties,  there  is  no  need  for  excess  material  nor  space  required  for  joining  and 
the  pieces  to  be  joined  may  be  so  oriented  as  to  take  full  advantage  of  their  best  properties  (no 
«rain  flow  or  low  short  transverse  properties  for  forgings) ;  and  the  use  of  laminated  structural 
rrmbers  in  which  thin  gage,  high  strength  sheets  are  bonded  together  to  form  not  only  a  much 
stronger  unit  but  one  which  has  greater  resistance  to  crack  propagation  and  sonic  fatigue. 

6.  MATERIAL  INFLUENCES 

The  major  direct  influence  that  a  new  material  can  exercise  on  aircraft  design  is  that  of 
saving  weight  1 ./  the  basic  airframe.  A  saving  that  may  then  be  reflected  as  improved  performance  - 
Increased  range,  higher  cruise  altitude,  improved  take-off  and  landing  characteristics  -  greater 
payload  or  a  smaller  aircraft  to  accomplish  a  given  mission. 

A  preliminary  estimation  of  the  weight  saving  potential  of  a  new  material  can  be  made  by  a 
weight  merit  factor  which  consists  of  the  ratio  of  that  specific  mechanical  property  -  mechanical 
property  divided  by  the  density  -  for  the  loading  state  being  evaluated  for  the  base  material  to 
the  new  material. 

Examples  of  these  weight  merit  factor  parameters  are:  Ftu/p  ten8ion.  FCy/p  l°cal  buckling, 

E*Vp  general  instability,  lateral  deflection  or  shear  buckling  where:  Ftu  is  the  ultimate 

tensile  stress,  FCy  is  the  compressive  yield  stress,  E  is  Young's  Modulus  and  p  is  the  density. 

Table  2  (10,  11)  contains  a  listing  of  the  specific  properties  for  representative  structural 
materials  at  room  temperature.  An  item  to  note  is  that  no  one  material  is  outstanding  in  all 
factors. 

This  method  of  estimating  potential  weight  savings  is  for  those  instances  in  which  the  load  is 
transmitted  over  the  same  distance  by  geometrically  similar  structures. 

In  conducting  these  influence  studies  it  is  necessary  to  consider  not  only  the  already  delin¬ 
eated  strength  and  stability  factors  but  also  the  potential  gains  or  losses  due  to  fatigue,  stress 
corrosion,  fracture  toughness,  joining  effectiveness  and  minimum  gage  requirements. 

Figure  13  (10,  11)  is  a  plot  of  specific  strength  -  Ftu/p  -  for  several  candidate  materials 
plotted  against  temperature.  Also  noted  on  the  ordinate  are  the  Mach  numbers  which  generate  lower 
surface  equilibrium  temperatures  of  those  magnitudes.  The  Mach  numbers  and  the  associated  temper¬ 
atures  are  plotted  in  this  case  to  emphasize  the  fact  that,  for  high  speed  aircraft,  once  the 
structural  material  is  selected  the  upper  limit  of  the  aircraft's  speed  capability  is  established. 

An  item  of  even  greater  note,  however,  is  the  relatively  low  position  of  aluminum  -  the  current 
bn.i  material  of  aircraft  construction  -  in  comparison  to  steel  and  titanium.  A  fact  that  can  be 
e*:) jln.ed  by  cost,  acceptance,  machine  tool  availability  and  the  presence  of  a  large  labor  pool. 

Al.  of  ':h  mitigate  against  a  change  in  materials  except  for  those  components  such  as  engine 
bays,  pylons,  cowlings,  and  aircraft  when  the  operational  temperature  is  above  the  limit  for  the 
successful  application  of  aluminum.  In  most  of  these  instances  titanium  has  been  successfully 
employed  t'»  not  only  make  the  component  or  airplane  possible  but  to  also  provide  a  weight  savings 
of  10  to  20  percent. 

Beryllium  offers  even  greater  potential  and,  in  fact,  is  the  best  of  all  the  metals.  And  when 
the  specifii  modulus  (E/p)  is  considered  the  margin  is  even  greater.  Beryllium  hasn't  seen  wider 
stryttuiil  application  other  than  in  the  Minuteman  interstage,  Agena  and  C-5A  brakes  because  of  a 
lack  :if  du<  tility,  its  toxicity,  high  cost  and  lack  of  confidence  in  its  suitability. 

i  the  le  failure  modes  which  are  not  directly  associated  with  strength  or  for  resizing 
f.  pf  '.ea,  i:  iz  necessary  to  compare  the  materials  or  structural  design  concepts  by  means  of  a 
».*”  Cura',  index  which  characterizes  the  relationship  between  strength  and  size  that  is  common  to 
an  Siliif*  -vsily  of  structures  obtained  by  the  dimensional  similitude  transformation. 

*  of  material  and  design  concept  effectiveness  in  weight  saving  is  shown  in  Figure 

14  (12). 

Figure  i  .  (12)  indicates  the  potential  reduction  in  the  take-off  gross  weight  versus  the  per¬ 
centage  of  titanium  utilization  in  the  structure  for  a  fixed  size  aircraft  and  a  resized  aircraft 
in  which  the  original  performance  functions  of  wing  loading,  thrust  to  weight  ratio  and  fuel 
fraction  were  held  constant. 

The  materials  with  the  greatest  potential  for  structural  weight  saving  and  consequently  the 
#  greatest  potential  for  performance  improvement  are  th'!  filament  cjmposites.  For,  in  addition  to 
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their  great  specific  strengths  and  stiffness,  they  possess  the  capacity  of  being  "tailored"  to 
Ideally  transmit  the  required  loadings  with  maximum  efficiency.  It  Is  these  materials  which  will 
also  present  to  the  designer  the  greatest  of  all  challenges  because  their  outstanding  potential 
for  weight  saving  will  require  more  precise  definition  of  all  loading  conditions,  an  Increased 
understanding  of  their  engineering  characteristics  and  an  Increase  in  the  ability  of  the  designer 
to  "tailor"  the  material  to  the  design  conditions. 

For  a  combat  aircraft  where  even  a  small  performance  improvement  can  well  make  the  difference 
between  having  a  positive  win/loss  ration  because  of  the  "S"  shaped  curve  of  military  effectiveness 
versus  performance  and  where  the  growth  factor  is  in  the  order  of  ten  to  one,  the  effective  appli¬ 
cation  of  new  materials  is  essential. 

7.  PROBLEMS  IN  THE  EARLY  APPLICATION  OF  NEW  MATERIALS 

In  the  preceding  sections  the  trends  lit  aircraft  operation  and  design  were  noted  and  discussed, 
the  developments  In  new  and  Improved  materials  were  highlighted  and  the  potential  Improvements  In 
performance  were  outlined.  It  must  be  noted,  however,  that  the  introduction  of  new  and/or  improved 
materials  -  Figure  6  -  into  aircraft  design  requires  an  inordinately  long  period  of  time,  if,  indeed. 
It  Is  accomplished  at  all. 

Associated  with  improved  performance  is  the  requirement  for  additional  materials  data  and  more 
data  particularly  as  related  to  real  time  data  for  supersonic  and  hypersonic  aircraft  or  even  long 
life  subsonic  aircraft. 

Why  in  this  era  of  Increased  emphasis  on  and  formalized  tools  for  management  to  reduce  the  time 
required  to  develop  aircraft  does  such  a  situation  exist? 

Explanations  range  from  too  costly  to  lack  of  confidence.  Inadequate  or  inexperienced  labor 
pool,  limited  production  sources  or  suppliers,  or  offsetting  materials  characteristics.  All  of 
which  are  true  and  reasonable,  to  a  degree.  Moreover,  the  situation  Itself  -  the  greatly  reduced 
development  time  and  the  warrantee  requirements  within  the  contract  -  forces  the  designer  to  stay 
with  proven  state-of-the-art  materials. 

Another  and  equally  important  reason  does  exist,  however,  in  the  form  of  a  lack  of  communication 
and  understanding  between  the  materials  specialists  and  the  designer.  As  a  result,  new  alloys  are 
developed  or  certain  mechanic  properties  of  a  material  are  improved  for  a  specific  application  with¬ 
out  a  thorough  understanding  of  the  critical  parameters  with  the  ultimate  result  being  the  failure 
of  the  part  or  component  in  service.  For  example,  the  emphasis  on  improved  ultimate  tensile 
strength  without  regard  to  fatigue  or  the  high  strength  forging  materials  with  high  susceptibility 
to  stress  corrosion. 

Problems  such  as  these.  In  conjunction  with  other  service  failures  and  the  demand  for  increased 
reliability  have  resulted  in  the  designer  placing  so  many  and  so  stringent  demands  upon  the 
materials  specialists  that  it  is  virtually  impossible  to  obtain  all  of  the  required  data  in  the 
10  to  15  years  required  to  introduce  a  new  material  into  the  production  cycle  much  less  in  the 
4  year  aircraft  development  time. 

8.  CONCLUSIONS 

It  is  concluded  that  there  are  many  materials  available  which,  if  applied,  could  exert  a  con¬ 
siderable  influence  on  the  performance  of  a  military  aircraft  t  it  that  they  are  being  withheld  for 
numerous  reasons,  the  most  likely  being  that  of  cost  effectiveness. 

The  only  solution  to  this  dilemma  is  the  improvement  of  communications  and  a  better  understand¬ 
ing  of  these  requirements  between  the  materials  specialist  and  the  designer  who  will  then  set  up  a 
progran^  modest  in  scope  but  sufficient  in  detail,  to  enable  e  new  material  to  transition  from  a 
laboratory  curiosity  to  development  hardware  to  aircraft  components  with  the  proper  data  in  the 
correct  amount  being  obtained  for  each  phase  of  the  development.  To  guide  both  the  designer  in 
his  quest  for  materials  with  Improved  properties  mission  analysls/parametrlc  trade  studies  should 
be  made  to  determine  those  mechanical  and  physical  properties  of  the  materials  which,  if  they  can 
be  Improved,  would  have  the  greatest  potential  payoff  and  their  physical  limitations. 
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SUMMARY 


A  general  view  of  the  compromises  a  designer  must  make  In  aircraft  subsystems  to  achieve  the  correct 
and  optimum  effectiveness  of  the  total  aircraft  system  Is  presented.  The  emphasis  Is  directed  at 
resolution  of  problems  relating  to  flight  mechanics  functions.  It  is  intended  to  identify  the  con¬ 
tribution  an  Imaginative  systems  designer  can  make  to  an  effective  flying  machine,  which  in  turn  is 
recognized  to  be  one  of  the  necessary  assets  of  military  aircraft. 

The  essence  of  any  successful  design  is  the  understanding  the  proponents  of  each  associated  disci¬ 
pline  exercises  when  dealing  with  others  of  the  design  team.  Examples  of  design  Ingenuity  are 
shown  to  Illustrate  some  of  the  areas  where  innovation  provided  reasonable  answers  to  otherwise 
troublesome  problems,  General  observations  of  the  requirements  imposed  on  supporting  airframe 
systems  are  developed,  with  particular  attention  to  control  system  options,  power  sources,  environ¬ 
mental  problems,  and  total  system  dependability. 

INTRODUCTION 


For  Aeronautical  Generations,  the  old  cliches  about  a  designer's  dream  vehicle  has  been  a  joke  with 
a  very  pointed  meaning.  The  importance  of  "true"  optimization  is  upon  us  and  optimization  takes 
different  forms.  Now,  it  Is  several  talents,  several  disciplines  working  together  to  produce  a 
really  useful  machine.  Aeronautical  engineers  used  to  get  locked  into  their  own  discipline  —  then 
gradually  they  began  to  realize  that  the  old  quote  about  "if  you  put  enough  power  on  it,  you  can  fly 
a  barn  door"  was  not  enough.  It  is  no  longer  enough  to  just  fly,  the  job  now  is  to  fly  well,  to 
develop  the  best  compromise. 

A  military  preliminary  designer  today  knows  that  he  must  exercise  many  tradeoffs  between  the  "best 
of  one  disciple  and  the  best  combination.  Today,  it  must  be  worth  it.  It  is  the  intention  of  the 
author  to  identify  examples  of  the  values  that  are  realized  in  making  a  good  design  a  great  design. 
Many  times  the  success  or  failure  of  a  design  rests  in  the  hands  of  a  man  who  is  an  imaginative, 
innovative  designer,  without  whom,  the  great  "breakthrough"  in  scientific  application  will  be  a 
hollow  thesis.  He  may  not  be  a  scientist  but  it  is  his  ingenuity  that  makes  the  idea  live. 

DISCUSSION 


The  great  designs,  however,  are  the  culmination  of  a  set  of  challenges  that  produce  something  that 
is  not  just  "old  hat".  It  is  "way  out".  That  great  design  is  not  the  greatest  power  plant,  aero¬ 
dynamic  design,  structure  or  system  but  the  greatest  combination.  It  is  the  product  of  a  group 
that  surpass  themselves  and  produce  something  that  is  just  a  little,  but  an  important,  bit  better 
than  their  competition. 

Some  of  the  most  demanding  of  design  trades  are  involved  in  the  application  of  the  "same  old  stuff". 
Here  in  the  mechanical,  electrical,  and  fluid  power  systems  are  the  frequently  unsung  innovative 
efforts  which  contribute  prominently  to  a  great  flying  machine.  The  design  conditions  are  often 
demanding,  the  operating  environment  challenging,  and  here  are  the  opportunities  for  system  failure, 
for  poor  serviceability,  for  missing  peak  performance. 

The  trades  are  well  recognized;  weight  or  simplicity  versus  performance,  serviceability  and  accessi¬ 
bility  versus  performance,  complexity  and  redundancy  versus  safety,  etc.  The  preliminary  designer 
trying  to  get  the  maximum  out  of  his  particular  combination  of  payload/range  requirements,  speed/ 
altitude/acceleration  spectrum  calls  upon  the  system  designer  for  help. 

An  exotic  aircraft  of  a  few  years  ago  was  designed  to  explore  the  unknown  of  speeds  of  4,000  miles 
an  hour  at  altitudes  that  qualified  its  pilots  us  astronauts  (over  50  miles  high).  For  the  complexi’y 
of  the  system,  the  preliminary  design  specification  was  a  masterpiece  of  simplicity.  (Figure  1) 

The  vehicles  objective  was  to  explore  the  unknown,  achieve  a  speed  of  Mach  6,  reach  an  altitude  of 
250,000  feet  and  make  the  structure  tolerate  a  skin  temperature  of  1200°F.  Except  for  the  subjec¬ 
tive  quality  of  the  unknown  which  pervaded  everything,  no  two  of  these  requirements  could  be  achieved 
simultaneously.  It  was  recognized  during  the  preliminary  design  that  every  discipline  would  be 
stretched  to  the  maximum. 

The  vertical  tail  configuration  was  an  example  of  several  component  design  requirements  being  met 
with  a  unique  combination.  The  directional  stability  requirement  was  most  difficult  to  nee,  at  the 
high  Mach  numbers;  very  effective  speed  brakes  were  required  for  speed  control.  Directional  control 
was  required  to  be  excellent  at  all  Mach  numbers  and  minimum  weight  was  required.  A  relieving  factor 
was  that  drag  was  relatively  unimportant  for  the  mission. 

*Author  is  now  Director,  Civil  Aviation  RAD,  Office  of  the  Secretary,  Dept,  of  Transportation. 
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These  combined  requirements  resulted  in  the  vertical  tail  configuration  shown  on  Figure  1.  The  air¬ 
foil  section  was  a  10  degree  wedge.  The  wedge  with  its  blunt  aft  end  would  not  have  been  acceptable 
if  drag  had  been  an  important  consideration.  However,  the  wedge  section  does  increase  the  surface 
lift  curve  slope  at  hypersonic  Mach  numbers,  just  where  the  vertical  stabilizer  contribution  to 
directional  stability  was  needed  most.  Figure  2  shows  the  directional  stability  parameter  Cn!j  with 
the  vertical  tall  off,  with  a  diamond  shaped  vertical  stabilizer,  and  with  a  wedge  shaped  vertical 
stabilizer,  as  measured  in  early  wind  tunnel  tests.  (As  a  matter  of  interest,  the  final  configura¬ 
tion  did  exhibit  positive  levels  of  Cng  throughout  its  Mach  number  range  rather  than  neutral  stabi¬ 
lity  shown  for  this  early  wind  tunnel  model.)  It  can  be  seen  that  the  wedge  airfoil  soi  l  ion  did 
provide  a  significant  increase  in  the  vertical  stabilizer  contribution  to  Cng.  A  similar  im. rouse 
in  vertical  stabilizer  effectiveness,  Acn^-  ,  was  also  realized. 

Figure  2  also  shows  an  increase  in  directional  stability  when  the  speed  brakes  were  opened.  Tit  is 
was  a  desirable  feature,  in  that  it  provided  a  readily  available  means  of  increasing  directional 
stability,  should  it  be  desired.  The  speed  brakes  in  this  location  also  provided  the  required  drag 
Increase  throughout  the  airplane's  flight  envelope,  and  a  minimum  input  to  the  airplane's  longitu¬ 
dinal  characteristics. 

The  configuration  was  attractive  only  when  a  satisfactory  structural  arrangement  was  found. 

Figure  3  shows  the  general  arrangement.  The  wedge  airfoil  section  provided  adequate  space  for  the 
movable  stabilizers  torque  tube,  and  the  speed  brake  actuator  was  located  within  the  wedge  section, 
aft  of  the  torque  tube.  Thus  an  unusual  vertical  tail  configuration  was  evolved  to  meet  the  pecu¬ 
liar  requirements  of  the  world's  first  hypersonic  airplane.  But  in  doing  so,  it  put  some  real 
demands  on  the  hydraulic  system. 

The  hydraulic  system  consists  of  two  completely  separate,  airless,  modified  type  III,  3,000  yu.: 
systems  operating  in  parallel.  Only  the  flight  control  surfaces  are  driven  hydraulically,  as  there 
is  no  utility  system.  The  operating  temperature  range  of  the  equipment,  lines,  and  fittings  is 
from  -65°F  to  400°F.  The  main  problems  encountered  in  the  design  of  this  system  are  due  to  the 
extreme  temperature  and  vibration  conditions.  These  problems  made  it  necessary  to  find  a  new  hydrau¬ 
lic  fluid,  new  seals,  new  materials,  better  methods  of  fabrication,  installation,  and  contamination 
control,  and  tighter  "quality"  controls. 

In  order  to  establish  temperature  requirements  for  the  hydraulic  equipment,  an  analysis,  based  on 
the  high-altitude  maximum-speed  mission  which  appeared  to  cause  the  most  severe  heat  problem,  was 
made.  It  was  calculated  that  if  the  temperature  of  the  hydraulic  fluid  was  maintained  at  approxi¬ 
mately  -20°F  at  take-off  time  (Fig.  4),  it  would  rise  to  0°F  during  captive  flight,  reach  50°F 
during  the  five  minute  warmup  period,  and  300°F  to  400°F  during  the  last  eight  minutes  of  free 
flight.  In  addition,  there  would  be  an  estimated  22  minutes  of  soak  after  landing.  For  15  flights 
of  this  type,  the  total  time  that  the  system  would  be  at  or  near  400°F  would  be  about  7.5  hours. 

All  the  hydraulic  equipment  was  designed  on  the  basis  of  these  data,  together  with  low  temperature 
(-65°F)  and  proper  transient-condition  considerations.  Considerably  more  hours  of  usage  are  avail¬ 
able  at  lower  temperatures  as  determined  by  testing. 

Many  fluids  were  considered  and  those  most  likely  to  meet  the  requirements  were  tested,  and  compari¬ 
sons  made.  Viscosity  at  400°F  was  considered  very  critical  in  that  this  property,  if  too  low,  would 
reduce  the  volumetric  efficiency  of  the  pump  and  also  would  allow  for  excessive  leakage  in  our 
valves,  so  that  increased  pump  output  would  be  required,  and  this  in  turn  would  cause  system  fluid 
temperatures  to  be  elevated.  Lubricity  was  considered  a  very  important  factor  in  that  the  operation 
of  the  hydraulic  pump,  especially  at  400<’F,  is  the  "heart"  of  the  vehicle. 

This  is  an  example  of  a  very  complex  machine  that  set  the  pace  for  some  of  the  later  military  designs. 
This  was  a  transient  aircraft  designee  for  a  single  purpose.  It  is  a  tribute  to  the  system  designers 
that  the  aircraft  were  modified  and  adapted,  extended  and  flown  tor  longer  than  anyone  had  expec  :<2. 
The  systems  were  dependable. 

Let  us  examine  another  unique  approach.  We  tried  to  optimize  a  vehicle  for  a  long  duration  opera¬ 
tion  in  a  very  hostile  environment.  There  were  many  detail  changes  between  preliminary  design  and 
final  construction  and  operation  but  the  basic  design  was  maintained,  accomplished  and  proven 
satisfactory.  The  speed  altitude  diagram  is  shown  in  Figure  5  with  a  time  sequenced  set  of  arrows 
that  shows  the  speed  altitude  combinations  maintained  throughout  the  mission.  Ninety  percent  of 
the  distance  covered  on  the  design  mission  was  to  be  done  at  M-3,  this  required  about  70  percent  of 
the  time  of  the  mission  (about  2.5  hours).  Structural  temperature  stabilization  was  achieved  in 
about  15  minutes  at  M“3.  The  combination  of  temperature,  altitude,  Mach  number,  maneuvering 
requirement,  size  and  weight  of  the  airplane  summarized  the  flight  mechanist's  Interests  but  that 
only  described  the  starting  conditions  on  the  systems  design.  Figure  6  illustrates  the  primary 
novel  configuration  features  of  the  airplane;  I  call  attention  to  the  t<ro  position  windshield  first. 
The  aerodynamic  design  required  a  high  cruise  efficiency  at  the  design  cruise  speed  of  3.0  Mach 
number.  To  optimize  the  aerodynamic  efficiency,  as  represented  by  the  .’ruise  lift-drag  ratio  (L/D) , 
it  was  found  that  a  smooth  faired  canopy  line  would  result  in  a  significant  reduction  in  drag.  The 
smooth  faired  canopy  did  not  provide  the  necessary  pilot  visibility  for  take-off  and  landing, 
therefore,  a  movable  ramp  canopy  was  designed.  Drag  tests  Indicated  that  at  subsonic  speeds,  there 
is  no  drag  differences  between  the  two  canopy  configurations  (Figure  7).  At  supersonic  speeds,  the 
difference  in  drag  amounts  to  a  change  in  maximum  (L/D)  of  .25. 

The  windshield  consists  of  two  transparent  subsystems,  providing  forward,  upward,  and  side  vision 
for  the  pilot  and  co-pilot  (see  Figure  8).  The  outer  glass  subsystem  is  part  of  the  air  vehicle 
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mold  line,  forming  a  continuous,  unbroken  contour  during  high  speed  flight.  For  maximum  vision 
during  landing,  take-off,  or  ln-f light  refueling,  the  outer  windshield  may  be  depressed.  An  air  gap 
separates  the  outer  glass  assembly  from  the  inner  windshield  subsystem  which  is  fixed  to  the 
structure,  forming  part  of  the  cabin  pressure  barrier. 

The  outer  windshield  is  composed  of  five  monolithic  full-tempered  glass  panels,  each  with  its  own 
titanium  alloy  frame.  Each  panel,  mounted  in  Its  frame,  forms  an  Inter-changeable  unit. 

The  movable  windshield  assembly  is  sealed  to  the  fixed  structure  by  a  metal  bellows  at  the  aft  end 
and  silicone  rubber  impregnated  fabric  seals  along  the  sides  and  front.  These  seals  prevent  duat 
and  moisture  from  entering  the  gap  between  the  inner  and  outer  glasses.  However,  should  the  glass 
require  cleaning  on  the  inside  of  the  gap,  the  upper  outboard  panels  may  be  hinged  open  for  access. 

Vision  through  the  windshield  under  all  extreme  climatic  conditions  is  implemented  by  three  air 
vehicle  subsystems.  A  hot  air  de-icing  and  rain  removal  system  clears  the  outer  surface  of  the 
movable  windshield.  A  filtering  and  drying  system  prevents  contaminants  from  entering  the  air  gap 
between  the  inner  and  outer  windshield  and  depositing  on  the  glass  surfaces.  An  electrical  defog- 
ging  system  heat*  the  inner  windshield  glasses,  preventing  moisture  from  collecting  on  the  inner 
surface.). 

Going  back  to  Figure  6,  1  wish  to  call  attention  to  the  folding  wing  tips.  The  valve  of  this  con¬ 
cept  to  tf  »  :light  mechanist  was  three  fold:  Improved  directional  stability  (Figure  9),  improved 
long  stability  characteristics  (Figure  10)  which  in  turn  decreased  the  trim  characteristics 
required  and  reduced  drag.  With  these  design  features  incorporated,  the  airplane  was  capable  of 
being  flown  efficiently  and  safely  without  stability  augmentation  systems  at  all  speeds.  SAS  was 
included  for  optimized  flight  characteristics  but  was  not  required  for  safe  operation.  These  capa¬ 
bilities  were  achieved  through  the  efforts  of  some  highly  ingenious  mechanical  and  hydraulic  design 
contributions. 

In  the  case  of  this  airplane,  the  mission  profile  took  it  into  a  hostile  temperature  environment 
that  required  development  of  entirely  new  approaches  to  operational  equipment.  The  stagnation 
temperature  of  up  to  630°  F  at  Mach  3  with  the  resulting  high  temperature  for  critical  systeaa  aboard 
eliminated  much  of  the  conventional  hardware  available.  Innovation  was  necessary  to  insure  the 
presence  of  components  which  could  perform  compatibly  in  this  higher  temperature  regime.  These 
points  are  illustrated  on  Figures  11,  12  and  13,  and  the  technical  aspects  summarized  here. 

Wing  Fold  Data 


1. 

Hinge  Material 

-  H-ll  steel 

2. 

Operating  temperature 

■  -65  to  600* F 

3. 

Hydraulic  Motor  Drive 

■  380  in-lbs  @  4000  psl. 

(two  units  per  side) 

(static) 

4. 

Speed  Reducer  Ratio 

-  12.552  to  1 

5. 

Hinge  Ratio 

•  2534.1  to  1 

6. 

Total  Gearing  Ratio 

-  31,812  to  1 

7. 

Hinge  Shaft  Speed 

-  438  RPM 

8. 

Wing  Fold  Ratio 

■  1.04'/sec 

9. 

Hinge  Holding  Torque 

■  4.08  x  10®  In-lbs/unit 

10. 

Hinge  Operating  Torque 

•  .67  x  10®  ln-lbs/unit 

11. 

Hinge  Stall  Torque 

■  2.4  x  106  in-lbs /unit 

12. 

6  Hinges  are  used  per  wing 

«  195  x  10®  in- lbs/radian 

■  169  x  10®  in-lbs/radian 

■  105  x  10®  in-lbs/radlan 

13. 

Stlffness/Hlnge 

14. 

Weight/Hinge 

-  193  lbs 

15. 

Hinge  Efficiency 

-  47* 

340  in-lbs  @  3600  psl 
a  5500  RPM 


@  0'  position 
@  25°  nosition 
@  65*  position 


An  example  of  the  importance  of  a  full  system  approach  to  the  solution  of  an  operating  problem  can 
be  seen  in  the  design  of  the  fuel  subsystem  (Figure  14).  The  high  structural  temperatures  from 
aerodynamic  heating  would  raise  the  temperature  of  the  fuel  contained  in  the  integral  tanks.  The 
demands  on  the  hydraulic  system  required  operating  pressure  of  4,000  psl  which  necessitated  a  cool¬ 
ing  system  for  the  fluid.  To  save  space,  the  hydraulic  lines  were  routed  through  the  fuel.  The 
environment  control  system  also  had  to  dissipate  heat.  Because  the  fuel  would  be  consumed,  it  was 
a  logical  medium  of  heat  exchange.  (Figure  15)  Therefore,  the  fuel  system  provided  a  series  of  heat 
exchangers  for  the  various  supporting  systems,  but  the  arrangement  and  capacity  of  these  heat  ex¬ 
changers  had  to  be  such  that  the  resulting  temperature  of  the  fuel  entering  the  engine  would  not 
exceed  that  which  would  deteriorate  the  fuel  quality  to  the  point  where  It  would  affect  engine  per¬ 
formance,  vaporize,  or  cause  coking.  Consequently,  the  fuel  system  was  designed  to  operate  at  a 
high  pressure  level  to  avoid  fuel  boiling,  the  supporting  systems  heat  exchangers  were  sized  and 
arranged  to  deliver  fuel  to  the  engines  at  a  maximum  of  300*F,  and  the  pumps,  valves  and  contr  Is 
were  designed  of  new  materials  and  seals  to  perform  at  300®F  instead  of  the  former  160*F  tempera¬ 
ture.  (Figure  16)  This  situation  demanded  the  total  system  approach  to  the  problems  (and  the 
requirements)  and  entailed  intimate  coordination  between  the  fuel  system  designers  and  the  engine 
manufacturers,  the  hydraulics  engineers,  the  structural  engineers,  the  environment  control  engineers 
and  the  petroleum  Industry. 
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Similarly  operation  of  the  airplane  in  a  high  temperature  environment  posed  a  problem  never  before 
satisfactorily  solved,  that  is,  prevention  of  explosion  of  the  fuel  vapors  in  the  tanks  due  to  auto¬ 
ignition  as  the  vapor  temperatures  reached  430° F.  This  could  result  from  the  high  structural 
temperature  anticipated  at  Mach  3  when  the  tanks  were  empty.  This  situation  required  the  develop¬ 
ment  first  of  a  concept  which  would  prevent  ignition  and  second  of  a  hardware  system  that  would 
implement  that  concept.  The  highly  successful  fuel  tank  inerting  system  utilizing  nitrogen  to 
reduce  the  oxygen  concentration  in  the  fuel  tank  vapor  space  to  a  level  which  would  not  support 
destructive  combustion  was  the  result.  This  system  development  required  careful  analysis  and  test¬ 
ing  to  determine  periormance  requirements.  Then  a  completely  integrated  system  of  components  was 
developed  to  accomplish  the  required  performance.  This  system  had  to  perform  with  complete  assur¬ 
ance  that  the  fuel  vapors  were  immune  to  explosive  concentration  and  in  addition  it  was  utilized  to 
invoke  a  tank  pressurization  schedule  to  reduce  fuel  losses  from  boiling.  Because  of  these  high 
pressures,  it  was  difficult  to  seal  the  tanks  to  contain  nitrogen.  It  can  be  seen  that  the  design 
approach  in  this  critical  application  had  to  be  such  that  100Z  reliability  was  assured. 

Now  let's  talk  about  a  "simple  airplane".  Here  (Figure  17)  is  a  two-place,  twin  turboprop  airplane 
designed  primarily  for  armed  and  visual  reconnaissance,  helicopter  escort  and  forward  air  control 
and  secondarily,  to  deliver  troops  and  provide  logistics  support.  It  is  designed  to  operate  out  of 
short,  unprepared  rough  fields  with  a  minimum  of  maintenance  and  support  equipment.  The  basic  con¬ 
figuration  is  shown  in  this  three-view  chart  (Figure  17).  The  weight  empty  is  6,969  pounds  and  the 
airplane  is  designed  for  a  load  factor  of  8  at  9,390  pounds.  The  design  landing  sink  rate  is  18.8 
feet/second  at  10,044  pounds  on  rough  fields  and  the  maximum  overload  takeoff  weight  is  14,466 
pounds  (more  about  this  later).  The  flight  control  systems  are  manually  operated  and  aerodynamical ly 
balanced.  The  lateral  control  system  consists  of  ailerons  with  both  geared  and  spring  tabs  with 
rotary  plate  spoilers  located  ahead  of  the  outboard  flaps.  The  spoilers  are  mechanically  connected 
to  the  aileron  through  a  mechanism  which  varies  the  spoiler  travel  with  airspeed.  The  rudders  are 
aerodynamlcally  balanced  and  do  not  have  tabs.  Force  trim  is  utilized  on  all  three  axes.  Four 
equal  span,  double  slotted  flaps  provide  additional  lift  for  takeoff,  landing  and  low  speed  maneuver¬ 
ing. 


The  design  flight  envelope  of  pressure  altitude  versus  equivalent  airspeed  is  shown  in  Figure  18. 

The  significant  features  are:  The  430  knot  limit  speed  from  sea  level  to  4,000  feet,  where  the 
maximum  permissible  Mach  number  is  reached,  the  220  knot  average  cruiBe  speed  at  normal  rated  power 
at  sea  level,  the  120  knot  average  loiter  speed  at  sea  level  and  the  70  knot  landing  speed  at  8,500 
pounds  gross  weight. 

This  is  the  airspeed/load  factors  diagram  for  the  design  combat  weight  of  9,390  pounds  at  4,000  feet. 
Shown  are  the  positive  8  and  negative  3  "g"  limits  for  symmetrical  maneuvers  and  the  6.4  "g"  limit 
for  rolling  pull-outs.  The  buffet  boundary  and  dynamic  stall  regions  are  shown  on  the  left. 

With  this  general  background  of  the  0V-10A  presented,  let  us  now  review  the  control  system  develop¬ 
ment  (Figure  19)  . 

In  order  to  provide  the  lifting  capability  required  to  allow  operation  at  the  low  speeds  necessary 
for  short  takeoff  and  landing,  a  powerful  high  lift  device  was  required.  In  addition,  placing  a 
large  percentage  of  the  wing  span  in  the  propeller  wash  produced  significant  lift  due  to  power  and 
as  one  might  suspect,  provided  many  problems. 

Slotted  elevators  were  incorporated  to  provide  effectiveness  for  angles  up  to  the  35  degree  trailing 
edge  up.  Elevator  hinge  moment  control  is  provided  by  aerodynamic  balance  and  trailing  edge  tabs. 

In  keeping  with  the  design  goal  of  minimum  maintenance,  an  unboosted  mechanical  system  was  required. 

A  spring  tab  system  was  selected  because  of  the  ability  of  this  type  of  system  to  compensate  more 
completely  for  the  widely  varying  requirements  over  the  complete  Mach  number  and  dynamic  pressure 
range . 

The  pilot's  stick  is  connected  to  the  spring  tabs  through  a  series  of  push  rods  and  a  cable-crank 
system.  Trim  is  provided  by  an  electrically  actuated  torsion  bar  which  mechanically  relieves  the 
pilot  force.  The  design  requirements  for  maneuvering  stick  force  gradients  dictated  extremely  close 
hinge  moment  balance;  consequently,  rather  large  tab  gearing  ratios  were  necessary.  The  system 
provides  boost  ratios  of  about  10,  thus  producing  the  same  trick  force  reduction  as  a  representative 
boosted  system.  All  of  this  merely  illustrates  that  the  challenge  to  a  control  system  designer  was 
for  innovation,  imagination  to  the  same  degree  as  required  for  the  more  sophisticated  aircraft. 

The  airplane  was  also  required  to  operate  at  low  altitudes  and  at  all  flight  speeds  in  a  hostile 
environment  of  ground  fire  and  would  be  subject  to  extensive  battle  damage.  To  further  increase 
the  longitudinal  control  system  reliability,  the  control  system  cables,  bellcranks  and  push-pull 
rods  were  run  from  the  fuselage  through  each  boom  to  separate  the  system.  Severance  of  the  actua¬ 
tion  through  one  boom  still  allows  control  by  the  remaining  side  for  only  a  modest  increase  in 
control  force. 

A  similar  concept  was  used  on  the  lateral  control  system.  Severance  of  a  single  control  system 
cable  still  allows  a  high  degree  of  lateral  control.  In  addition,  the  plate  spoilers  operated 
normal  to  the  wing  surface  and  airflow  produce  rolling  moment  with  essentially  no  hinge  moment. 

The  directional  control  system  did  not  require  tabs  for  force  reduction.  The  redundancy  in  this 
system  is  inherent  with  the  twin  vertical  tails. 
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The  definition  associated  with  unprepared  airstrips  required  the  airplane  to  have  good  flotation, 
the  ability  to  land  on  bumps,  steps  and  holes,  and  to  taxi  over  series  of  undulating  contours.  At 
the  same  time,  It  was  clear  that  fulfillment  of  the  specification  requirements  would  present  a  real 
challenge  in  the  design  and  development  of  its  landing  gear  and  maintain  a  rugged  structural  design. 

The  requirement  that  the  airplane  be  able  to  operate  off  of  rough  terrain  and  unprepared  airstrips 
was  of  primary  importance  in  the  design  of  the  landing  gears.  Since  these  operations  showed  such 
wide  variation  in  directions  of  applied  loads  that  gear  stroking  difficulties  could  be  anticipated 
for  the  conventional  telescoping  gear  configuration.  Because  of  the  favorable  drag-vertical  load 
relationship,  the  main  gear  is  articulated  and  includes  a  neutral  oleo  assembly  mounted  on  right 
and  left  hand  post,  axle  beam  and  drag  brace  assemblies.  The  nose  gear  uses  a  levered  geometry 
known  as  semi-articulated  because  of  the  torque  link  to  the  axle  beam  permitting  a  fixed  center  for 
full  360°  castering. 

In  conclusion,  it  was  Intended  to  illustrate  the  extensive  and  important  contribution  of  the  air¬ 
frame  subsystems  designer  in  adjusting  to  the  demands  put  on  him  by  the  importance  of  the  military 
mission.  The  flight  mechanics  characteristics  are  the  things  the  military  operator  feels.  What  he 
doesn't  see  and  frequently  doesn't  appreciate  is  the  ingenuity  that  has  been  used  to  achieve  any 
capability  at  all.  The  greatest  theories  of  aerodynamic  efficiency,  the  wildest  dreams,  which  begin 
with  "If  only  ..."  would  be  nightmares  if  it  were  not  for  the  creativity  of  the  designer.  I  leave 
you  with  the  thought  "■  .  .  exceptional  design  involves  exceptional  ingenuity". 
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FIG.  1  X-15  SPEED  BRAKES 
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FIG.  3  X-15  SPEED  BRAKES 
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FIG.  11  WING  TIP  FOLD  SCHEMATIC 


•  SIX  ROTARY  POWER  HINGES  IN-LINE  PER  WING 


•  COMMON  SHAFTING  DRIVEN  BY 
DUAL  HYDRAULIC  MOTORS 

•  PILOT  SELECTED  WING  FOLD  POSITIONS 

•  400 °F  OPERATING  TEMPERATURE 

•  2500:1  RATIO  (TOTAL  REDUCTION  32,000:1) 

•  H-11  STEEL  CONSTRUCTION 


•  STRUCTURAL  DEMONSTRATION  TO  104%  ULT  LOAD 


•  FATIGUE  TESTED  TO  5000  HR  OPERATIONAL  CYCLE 


FIG.  12  WING  OUTER  PANEL  FHX)  ACTUATION  POWER  HINGE 


FIG.  14  AIR  VEHIOi:  FUEL  SYSTEMS 
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FIG.  15  FUEL  SYSTEM  REQUIREMENTS 
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FIG.  20  LANDING  GEAR  GEOMETRY 
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B1UBES  AVANCEBS  DAMS  LE  DOMAINE  DES  COMKAKDES  05  VOL 

■mu  U  O  WJ’T  <3 

1g  PARTES 


CONCEPTION  DES  COMMANDES  DE  VOL  DBS  AVIONS  HE  COMBAT  HODERNES 


La  reoherohe  da  perfonnanoea  da  plus  an  plua  d levies,  dans  daa  dcmaines  da  vol  da  plua  an  plua 
dtandua  pour  la  a  avion a  da  ooatbat  nodernes,  a  poad  aux  ir jdnieura  da  l'adronautlque  un  oar  tain 
ncmhre  da  problkmea  lids  it  l'augnantation  da  la  puiaaanoe  ndoaaaaira  pour  aotionnar  la  a  gou- 
vernas  at  aux  variations  iaportantaa  daa  oaraotdriatiquaa  da  atabllitd  at  da  maniabilltd. 

Aprks  avoir  lndiqud  laa  aolutlona  parti* Ilea,  envisagdes  adpardmant,  da  oaa  diffdre^t#  pro- 
blkmes,  daa  aolutiona  globalaa  aeront  prdaantdaa  ainai  qua  l'dvolution  aotualla  permiae  par 
laa  amdliormtiona  teohnologiquea  iaportantaa  dont  l'dlaotroniqua  a  bdndfioid  oaa  dernikiea 
anndaa. 

1.  -  PR0BLM3  RENCONTRES  SUR  LESS  AVIONS  MOMMIES  - 

Pazni  laa  problkmas  ranoontrds  dans  oatta  recherche  da  performances  da  plua  an  plua  dlevdes, 
on  paut  citer,  aans  qua  oatta  liate  aolt  axhauativa  i 

-  I1  augmentation  da  la  puiaaanoe  ndoaaaaira  pour  aotionnar  laa  gouvernea. 

-  daa  oaraotdriatiquaa  adrodynamiques  variant  oonaiddrablament  d'un  point  du  domains  da  vol 
k  un  antra  aa  traduiaant  i 

-  par  daa  atabilitda  dynamiques  aouvant  marginalee. 

-  par  daa  naniabilitda  trie  diffioilea  k  homogdndiaer  par  suite  daa  variations  iaportantaa 
deo  effioaoitds  da  gouveme  an  fonction  da  la  vitease,  da  l'altltuda  at  du  nonbra  da  oaoh. 

-  1' introduction  da  perturbations  edvirea,  inddpnndammant  daa  parturbationa  d'ordra  aerodyn*- 
miqua  duae  k  la  turbulence  da  1' atmosphere,  lides  an  nombre  da  math,  comma  la  recnl  du  centre 
da  pousada,  ou  lidaa  aux  ohangaaenta  da  configuration  da  1 'avion  sur  laa  appareila  k  gdomd- 
trie  variable. 

-  laa  ddfomationa  struoturales. 

-  an  oorollaire  las  problkmea  da  sdouritd,  introduits  par  la  mise  an  plaoa  da  dispoaitifa  plus 
ou  moina  aophiatiquda,  dont  la  fiabilitd  oat  loin  d'etre  comparable  k  os  11a  d'una  simpla 
timonerie  adoaniqua. 

2.  -  RAPPEL  LE  QUELQPB5  30  UJTIONS  MISES  AD  POINT  POUR  BESOUDRE  CES  FRO  BUMS  - 

Pour  obtenir  daa  qualitda  de  vol  convenablee  qua  daa  moyena  purement  adrodynamiques  aa  mon- 
traient  iapuiaaanta  k  obtenir,  il  a  dtd  fait  appal  t  d'una  part  k  daa  moyena  essentioUement 
mdoaniquaa  at  hydranliquea,  d' autre  part  k  dea  moyena  dleotriquea  utilisant  daa  ohalnea  de 
pilotage  automatiqua  t  aervo-amortiaseurs  at  pilotage  transparent. 

C'aat  ainai  qua  pour  vainore  laa  efforts  im portents  ndoassairea  pour  ddplaoar  lea  gouvamae, 
on  a  dtd  oonduit  k  1'utiliaation  da  servo- conaandea  hydrauliques,  maia  oatta  utilisation 
derait  ktra  ocapldtde  par  la  miaa  an  plaoa  da  systkmes  de  raatitution  d'efforte  artifioielle, 
donnant  an  pilots  daa  efforts  da  manoeuvre  qui  na  pauvant  plua  lui  fournir  directement  laa 
foroea  adrodynamiques  agiasant  sur  lea  gouvemea  ; 

.../ 


C'est  ainsi  dgalement  qua  pour  ameiiorer  la  stability  de  l'appareil,  on  a  mis  en  place,  en  saris 
d ana  lee  tlmonerlau,  dee  rdrina  oomnandde  par  des  dispositifs  servo-amortiaeeur#  (de  tankage, 
de  roulia,  de  lacet). 

2.1  -  Cnmandu  de  vol  claasiaus  - 

Cea  diffdrenta  ddveloppenenta  ont  oondult  oes  dernikres  anndee  k  oe  que  l'on  pourrait  appeler 
la  oommande  de  vol  olaeelque  d'un  avion  modeme  qui  oomprenait  t 

-  le  diapositif  de  coomande  k  la  disposition  du  pilote  t  manohe  ou  volant  et  palonnier. 

-  des  dldmenta  de  transmission  des  ddplaoementa  du  mauohe  auz  gouvemss  t  oftblea  ou  biellea. 

-  des  organea  de  restitution  d'efforta,  utilises  conjoin  tenant  aveo  des  dispositifs  de  d&nul- 
tiplioation  variable  ou  de  non  lindaritl  pour  tenir  ooopte  des  variations  d'effioaoite  des 
gouremea  et  ritablir  au  niveau  du  pilote  des  efforts  de  manoeuvre  homogknea  dans  tout  le 
domains  da  vol  de  1' avion. 

-  des  rdrins  months  en  sdrie  dans  Is  'imonerie,  ccmreandds  par  les  dispositifs  servo-emortisseurs. 

-  des  organea  de  puissance  constitu^a  par  des  vdrina  hydrauliques  asservis,  aotionnant  direote- 
aent  les  gouvernes. 

Cat  ensemble  eat  prtfsentd  sur  la  figure  (l).  L'avantage  principal  de  oes  dispositifs  k  base 
mkoaniqus  reside  dans  leur  slmplioitd  de  fonotionnawnt  et  de  realisation  qui  entrains  par 
voie  de  oansequenoe  une  bonne  sdouritd  de  fonctionnaoent. 

L' inconvenient  majeur  provient  du  manque  de  souplease  de  tela  materials  dont  lea  reglages  aont 
fixes  ou  au  mieux  oommandes  en  bouole  ouverte  k  partir  de  oertaines  conditions  de  vol,  et  qui 
par  suite  ns  ssuraient  itre  adaptes  oorreotement  pour  tous  les  points  d'un  domains  de  vol  aussl 
etendu  qua  oelui  d'un  avion  super aonique.  Far  ailleurs  1' introduction  de  oertain*  elements  dans 
la  t imonerie  ne  doit  se  fairs  qu'aveo  une  certains  prudence  oar  cea  modifications  rlsquent 
d'lntroduire  des  causes  d'instabilite  par  oouplege  timoneris-avion  (risqusa  d  instabilite  intro- 
duites  par  masse  d' effort  par  g).  Le  bon  fonctionnement  d'une  telle  commands  de  vol  implique 
enfin  pour  obtenir  des  oaracterlstiques  de  pilotage  correctee,  de  limiter  au  maximum  lea  frot- 
teaenta  residuals,  lea  seuils,  lee  hysteresis  dans  las  timoneriea  meoaniques,  st  d'itre  aussl 
independant  que  possible  dee  deformations  etructurales,  problkmes  qui  ne  sort  pas  toujour*  trke 
faoiles  k  rdsoudre. 

Ce.endant  une  amelioration  sensible  a  ete  apportee  k  1' utilisation  de  oette  oonmande  de  vol 
class lque,  d'une  part  par  l'utiliaation  en  parallkle  du  pilotage  transparent,  dont  lea  elements 
■ont  venue  as  greffsr  sur  les  tlmonsrlee  axis  tan  tea,  d'  autre  part  par  1' integration  des  disposi¬ 
tifs  servo-emortisseurs  dens  las  verins  hydrauliquss  ds  gouvemss,  premier  pas  vers  la  oowande 
de  vol  eieotriqua, 

2.2  -  Pllotaas  transparent  - 

Le  pilotage  transparent  qui  peraet  d' obtenir  dee  qualitda  de  pilotage  en  prlnoipe  lndependantea 
du  vehicule  support,  utilise  une  ohalne  de  pilotage  automatique  vensnt  s' installer  an  parallkle 
sur  la  tiaonarie  olaasique. 

Ce  prlnoipe  de  pilotage  a  ltd  utilise  sur  un  oertain  nombre  d'avions  de  oonbat  franqaie,  sous  le 
nom  d' auto-command#  de  profondeur. 
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2.2.1  -  Fonctlona  da  l'auto-ocnmand*  da  profondaur  - 

Las  fonotioas  demanddas  k  una  tall*  chain*  da  pilotage  automatique  aont  lea  suivantao  t 

-  obtenir  dana  tout  1*  domain*  da  vol  da  l'apparall  dea  effort*  per  g  oorraota  at  homogfenaa. 

-  maintenir  l'aaalatta  avec  una  stability  oonvenable. 

-  rdduire  l'affat  dea  oouplea  perturbateurs • 

-  aooessoiroment,  oar  trka  aouvent  rdallad  par  un  aervo-amortiaaaur  da  tangaga  distinct,  amort lr 
l'oaolllation  rapid*  d'inoidenoe. 

2.2*2  -  Prlnoipea  du  pilotage  transparent  - 

La  principe  da  pilotage  oonalata  k  ddteeter  l'affort  exerod  par  1*  pilots  but  la  tlmonarie  at  it 
oommander  un  faotour  da  oharge  proportlonnal  k  l'affort  du  pilot*. 

Pour  oala  deux  prooddds  peuvent  6tre  utiliada  I 

-  aolt  oomander  dlreotemant  un  factaur  da  charge  me  surd  par  un  accdldromktr*  normal, 

-  aolt  oommander  una  vitaaoe  angulalre  modulda  an  fonction  da  la  ▼itaaaa,  oatta  vitesse  angulaire 
dtant  mesurde  par  un  gyrombtre. 

C'aat  oatta  dauxidme  mdthode  qui  a  dtd  util  lade  dana  las  rdallsationa  aotuelleoant  an  ooura  an 
France. 

Compta  tanu  du  retard  da  la  variation  du  factaur  da  oharge  but  la  vitaaaa  angulalre,  11  eat  ndces- 
saire  d'introduire  un  tarme  d'avanoa  da  phase,  surtout  Important  an  vol  supersonique  k  haute  alti- ' 
tude,  pour  obtenir,  par  l'intemddlalre  d'une  vitaaaa  angulalre  ooomandd*  fonction  da  l'affort,  una 
variation  du  faoteur  da  oharge,  proportionnelle  k  l'affort. 

La  gyromdtra  eat  ut  Iliad  par  aillaure,  aprda  une  double  intdgration,  pour  la  stabilisation  da 
l'aasiett*  at  la  reduction  da  l'affat  daa  oouplea  parturbateura  an  transoniqus. 

2.2.3  -  Rdaliaatlon  - 

La  figure  (2)  donna  la  sohdma  gdndral  d'une  auto-oocmande  da  profondaur,  at  1' Implantation  dea 
different*  dldments  dana  la  tlmonarie. 

On  y  distingue  an  particulier  la  dynamombtra,  plaod  la  plus  prfes  possible  du  pilot*,  qui  ms  sure 
l'affort  exerod  par  la  pilots  ainai  qua  1*  diapositif  da  trim  automatique  utilisd  pour  dviter  tout 
br-ooup  au  ddbrayage  da  l'auto-cormande.  Par  ailleura  oompte  tanu  daa  caraotdristiquaa  da  pilotage 
partioulibremant  ddlicataa  dea  avions  rapidea,  an  particulier  aux  grande s  efficacitds  da  gouvom* 
dans  cartainea  conditions  da  vol,  un  oertain  nombre  da  diapoaitifa  da  sdcuritd  ont  dtd  mis  an 
place  qui  ddteotent  lea  dldments  ou  lea  cirouita  ddfaillant#  at  ooupant  la  chains  da  pilotage 
automatique  event  tout*  manoeuvre  dangs reuse  de  l'apparall. 

Catta  auto-oonmande  'eat  an  affet  utilieda  dans  tout  la  domains  de  vol  d'un  appareil  supersonique, 
du  ddoollage  k  l'at^err issage,  juaqu'k  dea  faotaura  de  oharge  de  l'ordre  da  9* 

2.3  -  Intdgration  dea  aarvo-amortlsaaura  dana  lae  vdrine  hvdraullouaa  de  gouvsme  - 

9ur  un  appareil  da  oombat  supersonique,  oatta  intdgration  a  dtd  rdaliede  par  la  mlse  an  place 
d'une  ohalna  da  pilotage  dlectrique,  doublde  en  oas  de  panne  par  la  timonerie  clesaique. 

Lee  servo-oommandes  de  gouvemea  aont,  dans  ce  but,  dleotro-hydrauliques  et  reqoivent  d'une  part 
las  ordrea  du  pilot*  introduita  par  1 '  intemddiaire  da  potentiomktres  ddtactant  lee  variations 
da  position  dss  commandos  de  profondaur  et  de  gauohissement,  d' autre  part  las  ordrea  pro  variant  de 
aarro-amortisseurs  de  roulis  at  de  tangaga.  . ../ 


L'avion  dtant  un  avion  k  alia  delta,  dquipd  d'dlevonu,  oaa  ordres  da  profondeur  at  da  gauchieae- 
mant  font  mdlangds  dleotriquement  avant  da  venir  attaquer  las  aervo-oomnandas  dlectro-hydrauli- 

ques  d'dlevona. 

Sn  oaa  da  panne  dleotriqua ,  un  systkma  d'embrayage  viant  reliar  mdoaniquement  las  aervo-oommandee 
da  gouvaraa  k  la  timoneria. 

On  a  a  Inal  rdalisd  une  veritable  commands  da  vol  dlectrique  dont  la  secours  eat  oonatitud  par 
une  timonarie  mdoaniqua . 

La  figure  (3)  donna  la  schdma  d' ensemble  da  oatte  oommande  da  vol.  On  y  retro  live,  an  amont  da 
aervo-oommandes  intermddiaires,  las  diffdrenta  dldmenta  t  systkme  da  restitution  d'ell'ort,  trim 
dleotriqua,  da  la  oonmanda  olaasique. 

Cette  disposition,  an  dlialnant  las  fro  tt  am  ante  da  timoneria,  at  an  integrant  las  aervo-amortia- 
saurs  dans  las  vdrins  da  gouvaraa,  a  permia  da  rdaliaer  un  gain  appreciable  dans  las  quality  da 
vol  da  l'appareil  (rdponses  plus  rapidas  at  plus  prdoises)  at  dans  la  davis  da  masse  da  l'ensemble. 

Ct  sont  par  aillaurs  oas  prinoipas  da  base  qui  ont  dtd  appliques  dans  la  conception  das  oommande s 
da  vol  da  l'avion  da  transport  civil  suparsonique  Concorde,  ddarites  dans  la  deuxikma  partis  da 

oat  axposd. 

3.  -  CONCEPTION  D'UN  3Y3THE  DE  OOMHANIE  IE  VOL  MODERNS  - 

Las  dtudes  at  realisations  prdcdd antes  dans  la  domains  das  ocmmandea  da  vcl  dlectriquee  at  du 
pilotage  transparent  ont  parmis  d'ores  at  ddjk  d'amdliorer  da  fagon  sensible  las  qualltds  da 
vol  das  avions  da  oombat. 

II  rests  oa pendant  encore  un  pas  important  k  franchlr  avant  da  parvenlr  k  un  systkme  de  oommande 
da  vol  vralment  rationnel  rdpondant  k  toutes  lea  exigence  a  entraindea  par  la  recherche  de  perfor¬ 
mances  da  plus  an  plus  dlsvdes  dans  das  domalnes  da  vol  da  plus  an  plus  dtendus. 

Un  tal  pas  ns  peut  ttre  franohi  qua  par  une  integration  totals  du  pilotage  transparent  dans  la 
systksw  da  oomande  da  vol  at  la  generalisation  da  la  oommande  de  vol  dleotriqua. 

La  principe  da  base  d'un  tal  systkme  serai t  oonatitud  par  una  oommande  directs,  an  bouola  farads, 
da  la  trajeotoire  da  l'avion,  dont  las  gouvarnas  regoivent  dgalament  par  aillaurs  tous  las  signaia 
ndoeesairas  k  1' melioration  da  la  stabilitd  da  l'apparail,  at  k  l'dlimination  das  effats  das  per¬ 
turbations  extdrleursa. 

Una  telle  conception  impliquo  da  repenaer  oomplk tenant  la  disposition  das  organes  da  oaamande  k 
la  disposition  du  pilots,  afin  d'en  randra  l'opdratlon  plus  logiqoa  at  plus  naturella.  Ella 
lmplique  dgalament  da  manar  an  parallkla  lea  dtudes  das  sdouritds  ndoaasaires  pour  un  fonotionne- 
mant  auaai  stir  qua  oelui  daa  ocmatandsa  de  vol  aotusllaa. 

La  sdhdma  da  la  figure  (4)  indiqua  quail#  pourrait  Itra  la  disposition  d'un  tal  systkma  da 
oomande  de  vol. 

La  nultlplioitd  daa  ohalnee  da  oomande,  rendua  ndoasaaira  pour  raoplir  las  objeotifa  da  adouritd 
ns  psut  blan  antandu  Itra  rdalisde  de  fagon  satiafaiaante,  qua  ooopta  tenu  da  la  miniaturiaatlon 
daa  dldmenta  oaloulateura,  rendua  possible  par  laa  progrks  aotuala  da  l'dleotronique. 

L* aboutiaaamant  d'un  tal  ayatkme  oonstltua  ainsi  la  aynthkae  dea  dtudes  msndaa  aussi  bien  dans  la 
domains  da  l'adrodynaaiqua  at  das  qualitda  da  vol  qua  dans  la  domains  da  la  teohnologis  evanode, 
hydrauliqua  at  dleotronique. 
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ETUDES  AVANCEES  DANS  LE  DOMAINE  DES  COMMANDES  DE  VOL 


2e  PARTIE 


L  E  SY  ST  EM  E_  D  E_  CO  MMAN  D_E_S  _D  E  V  0_L  DE  I/AVI  0_N  _DE_TR_A_NS  POR  T_  CIV  I L 
SUPERSONIQUE  CONCORDE 


Les  conceptions  et  les  technologies  avanc6es  des  avions  militaires  trouvent  leur  applica- 
tlon^avec  un  certain  dftcalage  de  temps  pour  des  raisons  d'gconomle  industriellc,  dans 
les  avions  civils.  Mats  ces  conceptions  doivent  fttre  revues  ft  la  lumiftre  des  regies  de 
fiabilit'  propres  aux  avions  civils.  De  sorte  que  les  conceptions  civiles  possftdent  des 
aspects  originaux  que  nous  nous  efforcerons  de  mettre  en  relief  avec  l'exemple  du  sys- 
tfeme  de  commandes  de  vol  de  l'avion  de  transport  civil  supersonique  CONCORDE. 

Les  objectifs  de  performances  et  de  fiabilite  au  sens  de  la  navigability  et  de  l'utillsation 
op6rationnelle)  seront  d'abord  etablis.  Les  conceptions  de  principe  qui  en  ddcoulent  et 
certaines  realisations  technologiques  particullfres  seront  ensuite  presentees. 

1.  -  OBJECTIFS  DE  PERFORMANCES  - 

Les  objectifs  de  performances  sont  imposes  par  les  qualites  de  vol  et  le  pilotage,  la  re¬ 
sistance  structurale  et  l'environnement. 

1.1-  Qualites  de  vol  - 

Dans  l'etendue  du  domaine  de  vol  d'un  avion  supersonique,  les  lois  de  l'aerodynamique 
ont  d'etranges  consequences.  Aux  basses  vitesses  :  instability  de  vitesse  entrafnee  par 
la  variation  inverse  de  la  finesse  avec  la  portance.  Aux  hautes  vitesses  subsoniques  : 
hypersensibilite  des  gouvemes.  Aux  vitesses  transsoniques  :  instability  statique  en  vol 
equllibre  provoquee  par  le  deplacement  du  foyer.  Aux  vitesses  supersoniques  :  limita¬ 
tion  de  manoeuvrability  par  la  perte  d'efficacite  des  gouvernes  et  l'accroissement  des 
moments  de  charnieres  perte  de  stability  dynamique  transversale,  etc. . .  A  tous  ces 
probiemes  le  systdme  de  commandes  de  vol  doit  faire  face,  pour  reduire  la  tftche  du 
pllote. 

A  la  verity  les  objectifs  de  security  et  des  considerations  de  nature  psychologique  ont 
conduit  ft  lmposer  au  TSS  des  qualites  de  vol  acceptables  en  l'absence  d'aides  artifi- 
cielles  au  pilotage.  Mais  il  est  apparu,  en  particulier  par  des  etudes  preiiminaires 
sur  un  slmulateur  de  vol,  que  les  qualites  de  vol  ainsi  manifestees  ne  pouvaient  fetre 
acceptftes  operatlonnellement  que  dans  des  conditions  occasionnelies,  du  fait  de  l'at- 
tention  requise  par  le  pilotage  et  de  la  charge  de  travail  resultante,  particulier ement 
dans  les  conditions  atmospheriques  turbulentes.  Des  disposltifs  d  aides  au  pilotage 
sont  done  n4cessaires. 

.../ 
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1.1.1  -  §u_ant6s_de_y°l_d£  l_'ay ion  de_bas_e_- 

Les  qualitds  de  vol  requises  pour  l'avion  de  base  ne  sont  pas  particulieres  au  TSS,  mais 
il  est  admis  de  les  apprdcier  en  relation  avec  les  objectifs  de  securite  (Voir  chap.  2). 
L'avion  doit  done  pouvoir  voler  correctement  et  sdrement  sans  exiger  une  habilete  ex- 
ceptionnelle  du  pilote. 

PortoriS  seulement  notre  attention  sur  un  probl6me  spficifique  concernant  la  manoeuvra- 
biliie  longitudiuale  dans  le  domaine  transsonique  et  supersonique.  Pour  le  TSS,  le  pas¬ 
sage  trenssonique  est  marque  par  un  accroissement  considerable  de  la  marge  statique, 
une  perte  d'efficacite  des  gouvernes  et  une  augmentation  de  leurs  moments  de  char/iie- 
res  (Fig.  1)  telles  que  la  manoeuvrabilite  serait  rdduite  &  l'extrfime  sans  un  artifice, 
sauf  au  prlx  d'un  dimensionnement  exorbitant  des  gouvernes  et  de  leurs  verins  de  ma¬ 
noeuvre.  Cet  artifice  consiste  a  deplacer  le  centre  de  gravity  au  moyen  d'un  transfert 
de  combustible  de  fa^on  &  conserver  une  marge  statique  normale.  (Cecl  a  par  ailleurs 
pour  effet  de  r4duire  la  trainee  d'6quilibrage  en  vol  supersonique,  et  m6me  de  permet- 
tre  une  adaptation  tridimensionnelle  optimale  des  profilB  de  voilure  du  point  de  vue  de 
la  trainee).  Les  objectifs  de  manoeuvrability  fixes  par  les  reglements  officiels  aux 
grandes  vitesses  imposent  'es  facteurs  de  charge  suivants,  une  certaine  derogation 
etant  admise  pour  les  phases  de  vol  transsoniques  (x)  : 


Etats  : 

Frequent 

Occasionnel 

(  Autorise 

0,5  -  1,6 

0,8  -  1,3 

Domaines  de  vol 

) 

( 

(0,8  -  1,3)  x 

0,8  -  1,2)  x 

)  Peripherique 
( 

0,8  -  1,3 
(0,8  -  1,2)  x 

0,8  -  1 ,2 

Les  objectifs  sont  particuli£rement  critiques  pour  les  conditions  de  vol  occasionnelles , 
telles  que  resultant  par  exemple  de  la  panne  d'une  source  de  puissance  hydraulique.  Ils 
ne  peuvent  etre  realises  que  grace  a  un  compromis  entre  la  capacity  de  transfert  de 
combustible  (qui  conditionne  la  disposition  et  le  volume  des  reservoirs  d'equilibrage, 
le  debit  des  pompes  de  transfert),  la  puissance  des  verins  de  commande  des  gouvernes 
(qui  conditionne  leur  masse,  la  trainee  de  leur  i  arenage,  leurs  performances  dynami- 
ques),  et  les  centrages  limites. 

Bien  entendu,  la  panne  complete  du  transfert  de  combustible  doit  etre  consid6ree  com- 
me  improbable  dans  le  cas  du  transfert  vers  l'avant,  ce  qui  exige  une  large  redondance 
du  systeme  (triplication  des  pompes,  largage  de  combustible  en  ultime  secours).  Mais 
en  outre  la  deceleration  de  l'avion  doit  etre  compatible  avec  le  taux  de  transfert  du 
point  de  vue  des  qualitds  de  vol.  Le  ralentissement  rapide  sans  transfert,  necessity 
par  une  urgence  quelconque  ou  involontaire  (panne  totale  de  propulsion)  doit  permettre 
de  conserver  le  contrOle  de  l'avion,  II  doit  done  exister  un  certain  domaine  subsonique 
permettant  lc  vol  &  des  centrages  supersoniques  pendant  un  intervalle  de  temps  suf- 
fisant  pour  assurer  le  deplacement  du  centre  de  gravity.  Ce  domaine  existe  effective- 
ment,  d'apres  l'exp6rimentation  effectuee  sur  un  simulateur  de  vol.  (Fig.  2). 

.../ 
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1,1.2  -  Ameiipratlon_des_qualit6j  de_  vol_  avec_lea_cllagq8itlf8_aj'tlflciel_8_- 

Les  objectifs  de  quality  de  vol  dans  les  conditions  courantes,  y  comprls  les  turbulences, 
lmpllquent  l’utilisation  d'aides  au  pilotage.  Leur  degrft  d'lntdgration  avec  le  systftme  de 
commandes  doit  6tre  solgneusement  etudie  en  fonction  des  objectifs  de  securlte  (Voir 
chap.  2). 

1 . 1 . 2 . 1  -  Automanette  - 

Une  automanette  est  nftcessaire  pour  rfttablir  la  stability  de  vitesse,  aux  basses  vitesses. 
En  effet  la  divergence  de  vitesse  en  approche  finale  se  tradult  par  le  doublement  d'un 
ecart  de  vitesse  en  20  secondes.  Un  amortissement  correct,  r6duisant  de  moltie  un  6cart 
de  vitesse  en  4  secondes,  est  obtenu  avec  une  loi  d'asservissement  de  la  pousBde  de  la 
forme  (mode  malntien  de  vitesse)  : 


On  peut  noter  que  l'assiette  longltudinale  est  utilisee  pour  corrlger  l'asservissement 
dans  la  mesure  oil  cette  action  n'est  pas  dftfavorable  de  fagon  appreciable  &  la  stability 
dynamlque  autour  du  centre  de  gravity. 


1 . 1 . 2 . 2  -  Autost_abilis_ateurs  j^Fig.  _3j_  4)_- 

Des  autostabilisateurs  sont  utilises  sur  les  3  axes.  Sur  l'axe  de  tangage,  l'objectif  fixe 
lnltialement  &  basse  vitesse  etait  que  65  %  du  facteur  de  charge  stabilise  soit  obtenu  en 
2  secondes  sur  une  action  de  la  gouverne  de  profondeur.  Cette  condition  avait  6t6  6ta- 
blie  ft  priori,  faute  de  critftre  rftglementaire ,  pour  parer  au  retard  lntroduit  par  la  d6- 
portance  inltlale  des  eievons  et  ft  la  lenteur  des  mouvements  autour  du  C.D.G  due  ft  la 
faible  marge  statique.  Dans  ce  but  une  loi  de  prOcomraande  etait  envlsagfte.  Mais  il  a 
ete  reconnu  ultftrieurement  que  cet  obj«ctif  n 'etait  pas  fondamental  et  qu'il  etait  prefe¬ 
rable  d'assurer  un  amortissement  correct  des  mouvements  de  l'avion  dans  une  turbu¬ 


lence,  au  moyen  d'une  loi  simple  du  type  : 


%r=Ki*+K2 


Ca 
1  +  Cs 


A  grande  vitesse  l'objectif  fixe  est  l'obtention  d'un  amortissement  redult  de  1'oscillation 

d'incidence  supdrieur  ou  6gal  ft  0,6.  La  loi  precddente  y  repond,  moyennant  une  variation 

convenable  des  gains.  D 'autre  part,  l'autorite  du  stabilisateur  a  ete  fixde  de  fagon  ft  dvlter 

-3 

la  saturation  dans  une  forte  turbulence  (probablllte  10  )  pendant  95  %  du  temps. 

Pour  les  axes  transversaux,  les  objectifs  fixes  aux  stabllisateurs  correspondent  ft  un 
amortissement  rddult  du  roulis  hollandais  de  0,4  et  ft  la  reduction  maximale  de  la  suscep- 
tibillte  de  l'avion  aux  turbulences  transversales,  caractdrisee  par  un  taux  d'inclinaison 
0  /  V  inf6rieur  ft  0,2.  En  outre  il  a  ete  demandd  aux  stabllisateurs  de  minimiser  les 
perturbations  dynamiques  resultant  de  pannes  de  moteurs.  Mats  il  est  apparu  que  1 'action 
des  stabllisateurs  de  roulis  entrafnait,  dans  leur  limite  d 'autorite,  une  reduction  exces¬ 
sive  de  maniabilite  en  gauchissement,  qul  devalt  fitre  corrigee  par  une  loi  de  precom- 
mande.  Les  lois  de  stabilisation  retenues  sont  alors  de  la  forme  : 


1 
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PST  =  Ki  P  +  K2  ^  pc  ec  roulis 

rST=K  T TcT"  r  enlacet, 

les  gains  et  autorites  variant  avec  le  nombre  de  Mach. 

Avec  ces  lois  l'effet  des  pannes  de  moteur  sur  la  r6ponse  dynamique  de  Vavion  est  mini- 
misfie  :  l'action  du  stabilisateur  de  roulis  pour  limiter  l'inclinaison  laterale  est  remar- 
quable.  Cependant  les  stabilisateurs  seuls  ne  se  montrent  pas  suffisamment  efficaces 
sous  l'aspect  particulier  de  la  protection  des  entries  d'air  contre  l'effet  d'un  derapage 
excessif  lors  d'une  panne  de  moteur  en  vol  supersonique.  II  a  fallu  avoir  recours  &  un 
dispositif  special,  braquant  la  gouverne  de  direction  sous  l'action  directe  d'un  paramfe- 
tre  caractSristique  d'une  telle  panne,  c'est-4-dire  en  definitive  la  poussge,  plutOt  que 
sous  l'action  retardee  du  lacet  ou  du  derapage  qui  en  resulte. 

1.1. 2.3  -  Autotrim  - 

Malgrfi  le  deplacement  du  C.G.  ,  la  marge  statique  ne  peut  etre  maintenue  constante  au 
passage  transsonique ,  d'oCl  il  resulte  une  instabilite  statique  en  vol  6quilibre  (Fig.  5). 

Cette  instabilite  fait  l'objet  de  controverses.  La  r&glementation  amerlcaine  preconise 
qu'il  y  soit  remedie.  Dans  ce  but  un  trim  automatique  asservi  au  nombre  de  Mach  modi- 
fie  I'equilibre  de  la  commande  de  profondeur  de  faqon  &  exiger  du  pilote  une  poussee  sur 
le  manche  croissant  conventionnellement  avec  la  vltesBe.  Mais  certains  pilotes  estiment 
ce  dispositif  sans  interfit,  du  fait  du  caractere  temporaire  du  passage  transsonique,  de 
la  lenteur  de  la  divergence,  de  la  gfine  creee  par  la  necessite  d'ajuster  en  permanence 
I'equilibre  de  la  commande  a  effort  nul. 

1.2-  Pilotage  - 

Considfirons  deux  aspects  typiques  des  objectifs  de  performances  du  syst&me  de  comman- 
des  de  vol  imposes  par  le  pilotage  :  la  precision  et  l'autoadaptation  des  lois  d'efforts 
artificiels. 

1.2.1  -  _Pr6cision_  - 

Le  contrOle  des  braquages  de  gouvernes  doit  6tre  precis  en  pilotage  manuel  dans  les 
phases  de  vol  subsoniques  de  grande  sensibility  de  gouverne  :  vols  4  basse  vitesse  avec 
une  marge  statique  minimale,  vols  &  grande  vitesse  avec  une  efficacite  de  gouverne  maxi¬ 
male.  Pour  qu'il  en  soit  ainsi  l'erreur  de  commande  attribuable  aux  elements  situds  dans 
la  chafne  de  commande  entre  les  v6rins  de  puissance  et  le  dispositif  d’effort  artificiel 
et  de  trim  doit  etre  minimale.  Avec  une  commande  61ectrique  cette  regie  de  l'art  est 
satisfaite  d'elle-meme  car  la  precision  d'une  chafne  de  synchrodetection  est  excellente 
et  independante  de  la  longueur  de  la  chafne. 

Les  systemes  automatiques,  d'autre  part,  ne  s'accommodent  pas  d'une  commande  impre¬ 
cise,  contrairement  4  l'opinion  courante.  La  simplicity,  l'efficacite  et  la  stability  du 
pilote  automatique  et  des  autostabilisateurs  sont  liees  4  une  faible  valeur  de  l'hystere- 

.../ 
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sis  des  organes  de  puissance.  C'est  pourquoi  les  ordres  de  stabilisation  sont  injectGs  di- 
rectement  au  niveau  des  servovalves  des  vfirins  de  commande  de  puissance,  dont  les  per¬ 
formances  statiques  et  dynamiques  sont  excellentes  (Voir  Chap.  3.3). 

Les  ordres  du  pilote  automatique  ne  sont  pas  inject6s  au  m6me  niveau,  mais  au  niveau  de 
v£rlns  relais,  pour  realiser  l'objectif  de  s£curit6  d'une  limitation  d'autorite  m6canique. 
Les  hautes  performances  statiques  et  dynamiques  de  ces  vgrins  relais  et  des  chafnes  de 
commande  eiectrique  confer ent  &  1 'ensemble  de  la  chafne  de  pilotage  automatique  les 
performances  de  precision  exigfies.  Les  probiemes  de  stability  qui  apparaissent  norma- 
lement  avec  des  syst£mes  de  ce  niveau  de  performance  statique  sont  rfisolus  par  l'ad- 
jonction  de  filtres  hydrauliques ,  pour  les  v6rlns  de  puissance,  et  par  un  choix  judicieux 
des  gains  de  ces  v£rins.  Aucune  oscillation  limite  mesurable  n'apparaft. 

1.2.2  -  Autq_ada_ptatio_n_de_s_ef_fqrts_artificiels  - 

Les  dispositifs  d'efforts  artlficiels  d'une  commande  classlque,  telle  qu'elle  a  6te  choisie 
pour  le  TSS,  r6alisent  une  liaison  cin€matique  determin6e  entre  le  pilote  et  les  gouvernes. 
11s  ont  essentiellement  pour  rflle  de-donner  au  pilote  les  informations  musculaires 'm- 
mediates  pour  le  dosage  de  son  action,  les  informations  &  plus  long  terme  6tant  fournies 
par  les  Instruments  de  pilotage  et  les  sensations  musculaires  et  viBuelles  resultant  de 
la  rfiponse  de  1 'avion.  Ces  informations  immediates  doivent  6tre  programmes  en  fonc- 
tion  des  conditions  de  vol. 

Or  celle8-cl  sont  nombreuses  et  complexes  (centrage,  masse,  vitesse,  nombre  de  mach, 
altitude...)  et  il  n'est  pas  raisonnable  d'envisager  le  calcul  des  iniormations  nficessaires 
par  un  programme  complexe  impliquant  des  capteurs  et  des  calculateurs  appropri6s.  II 
est  n6cessaire  de  determiner  des  paramfetres  d 'influence  synthetiques. 

Pour  assurer  le  contrOle  en  tangage,  l'information  la  plus  utile  est  le  taux  de  variation 
d'assiette  ou  le  facteur  de  charge.  L'objectif  fix6  est  done  un  taux  d'effort  par  unite 
d'accroissement  du  facteur  de  charge  determine  dans  tout  le  domaine  de  vol.  Le  problS- 
me  consiste  i  programmer  une  relation  simple  entre  cette  information  et  l'effort  arti- 
ficiel.  La  solution  retenue  est  fondee  sur  une  remarque  ei6mentaire  :  le  braquage  est 
proportionnel  au  facteur  de  charge,  le  coefficient  de  proportionnalite  etant  le  braquage 
d'equilibre  pour  n  =  1.  II  en  serait  ainsi  pour  un  avion  ideal  possedant  une  symetrie 
aerodynamique  en  tangage,  ce  qui  est  approximativement  le  cas  d'un  avion  dans  la  confi¬ 
guration  de  croisiere. 

Ainsi  done  pour  realiser  l'objectif  4_F_  _  _ 

&  n 

il  suffiralt,  compte  tenu  de  la  remarque  ASq  =  Sqn  =  1  An 

de  realiser  une  loi  d'effort  A  F  =  —  A  %  q, 

*qn  =  l 

le  coefficient  de  proportionnalite  variant  comme  1 'inverse  du  braquage  realisant  l'6quili- 
bre  du  tangage  pour  n  -  1.  Pratiquement  on  peut  utiliser  la  valeur  du  braquage  de  trim 
d'effort  S  qT  comme  mesure  du  braquage  d'6quilibre.  D'autre  part  on  tient  compte 
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de  la  non  sym£trie  a£rodynamlque  par  une  correction  6  qQ  : 


Enfin  l'objectif  de  s£curit£  imposant  une  certaine  contribution  purement  mftcanlque,  la 
lol  d'effort  prend  la  forme  auivante,  s£parant  les  contributions  mftcanlque  et  ftlectro- 
hydraulique 

Contributions  :  mftcanlque  +  ftlectrohydraulique 

La  realisation  pratique  dc  cette  loi  fournit  pour  le  TSS  des  rftsultats  conformes  ft  l'ob- 
jectif.  Alors  que  les  taux  de  braquage  par  rapport  au  facteur  de  charge  varient  de  1  ft  4 
dans  le  domaine  de  vol,  le  taux  d'effort  reste  voisin  de  l'optimum  fixft  de  30  daN/g 
(Fig.  6).  Le  dlsposltif  realise  une  autoadaptation  remarquable  aux  conditions  de  vol  les 
plus  diverses. 

1.3-  Resistance  structurale  - 

La  resistance  structurale  du  TSS  Impose  au  systeme  de  commandes  de  vol  des  contratn- 
tes  de  definition.  Tout  d'abord  au  contraire  d'un  avion  militaire  de  mCmea  performances, 
la  manoeuvrabilite  doit  etre  limitee  au  strict  objectif  des  qualitfts  de  vol,  sous  peine 
d'une  penalite  inutile  pour  la  structure  et  les  sources  de  puissance.  Tout  systeme  de  li¬ 
mitation  4  butee  mecanique  etant  proscrit  par  securite,  la  limitation  de  manoeuvrabilite 
a  ete  recherchee  par  les  efforts  artificiels.  D’autre  part  la  conception  a6rodynamique  et 
structurale  (voilure  mince,  fuselage  effilft)  imposfte  par  les  performances,  amplifie  les 
phftnomftnes  aftroftlastiques  g6n6rateurs  de  couplages  dynamiques  pour  les  disposltifs 
automatiques. 

A  cause  de  sa  formule  g£om£trique  et  a£rodynamique,  la  r£sistance  du  TSS  est  condition- 
n£e  en  tangage  par  les  manoeuvres,  avec  un  facteur  de  charge  limite  2,5,  plutOt  que  par 
les  rafales.  Or  la  manoeuvrabilit£ ,  d£termin£e  par  les  conditions  a£rodynamiques  trans 
et  supersoniques  est  surabondante  en  r£gime  subsonique,  sp£cialement  ft  basse  vitesse, 
et  doit  6tre  limit£e.  Parmi  les  solutions  possibles  et  compte  tenu  du  choix  d'une  liaison 
cin£matique  directe  et  invariable  entre  le  pilote  et  les  gouvernes,  il  a  £t£  choisi  d'as- 
surer  cette  limitation  au  moyen  du  dispositif  d'effort  artificiel.  La  solution  retenue  as- 
surant  1 'autoadaptation  du  taux  d'effort  relatif  au  facteur  de  charge  r£soud  simplement 
le  problftme,  en  donnant  au  pilote  une  indication  musculaire  et  invariable  du  facteur  de 
charge  de  manoeuvre  dans  tout  le  domaine  de  vol. 

En  roulis  la  limitation  de  manoeuvrabilit£  assur£e  par  un  dispositif  d'effort  artificiel 
classique  est  satisfaisante. 

En  lacet  une  limitation  programm£e  du  braquage  du  gouvernail  de  direction  est  nftces- 
saire.  A  une  but£e  m£canique  variable,  a  £t£  pr£f£r£e,  par  s£curit£,  un  saut  d'effort 
de  10  daN  dont  la  perception  suffit  au  pilote  pour  lui  donner  l'indication  de  la  limite. 


Quant  aux  effets  adro£lastiques ,  ils  ont  fait  l'objet  d'exposds  au  symposium  d'Avril  1969 
de  l'AGARD  a  Marseille.  Notons  seulement  que  1 'existence  de  modes  de  vibration  d'assez 
basses  frequences  ne  doit  pas  6tre  negligee  dans  la  definition  des  dispositifs  automati- 
ques  et  specialement  les  autostabilisateurs.  Les  couplages  qu’ils  peuvent  provoquer  sont 
a  eiiminer  grSce  a  une  connaissance  precise  des  formes  des  modes  structuraux,  par  un 
choix  judicieux  de  l'implantation  des  gyromt  tres  et  des  plate-formes  gyroscopiques,  et 
par  l'incorporation  de  filtres  appropries, 

1.4  -  Environnement  - 

L 'environnement  du  TSS  est  nettement  plus  s6vf  re  que  celui  des  avions  subsoniques  ac- 
tuels. 

L'echauffement  clnetique  est  appreciable,  bien  que  la  temperature  maximale  operation- 
nelle  soit  limitee  a  400*K.  Les  servocommandes  de  puissance,  par  exemple,  avec  leurs 
synchrodetecteurs  et  leurs  servovalves,  doivent  pouvoir  supporter  cette  ambiance  pen¬ 
dant  20.000  heures.  A  l'oppose  des  temperatures  de  -  40“  peuvent  fitre  rencontrfees  pen¬ 
dant  les  phases  de  vol  subsoniques.  Dans  cette  gamme  de  temperatures,  les  reglages 
et  la  precision  doivent  rester  sensiblement  constants.  Les  materiaux  des  joints  doivent 
conserver  leur  qualite  et  le  fluide  hydraulique  doit  conserver  ses  caract6ristiques. 

De  mfime  les  hautes  vitesses  (V.,,.  =  530  kts  C.A.S  en  debut  de  croisifre)  et  le  haut 

MO 

niveau  de  propulsion  induisent  une  ambiance  vibratoire  acoustique  et  structurale  qui 
conditlonne  la  definition  structurale  des  gouvernes  et  de  leur  commande. 

2.  -  OBJECTIFS  DE  FIABILITE  - 

Le  systfme  des  commandes  de  vol  est  conqu  pour  repondre  aux  objectifs  de  fiabilite  im¬ 
poses  par  la  securite  et  1'utilisation  operationnelle  d'un  avion  de  transport  civil  moderne. 


2.1-  Objectifs  et  principes  de  Becurite  - 

Les  reglements  de  navigabilite  applicables  au  TSS,  etabli3  par  l'AIR  REGISTRATION 
BOARD  britannique  et  le  SERVICE  TECHNIQUE  AERONAUTIQUE  franqais,  considfrent 
la  securite  sous  un  jour  nouveau.  Le  systeme  des  commandes  de  vol  est  en  effet  consi- 
dere  sous  l'aspect  synthetique  de  sa  contribution  &  la  navigabilite  et  specialement  aux 
qualites  de  vol  de  l'avion,  compte-tenu  des  conditions  de  pilotage.  La  securite  de  l'avion 
est  d'autre  part  analysee  d'un  point  de  vue  probabiliste,  temp6re  par  le  bon  sens. 

Ainsl  : 

a)  de  bonnes  qualites  de  vol  sont  requises  dans  les  conditions  courantes.  Ceci  signifie 
que  le  comportement  de  l'avion  doit  correspondre  au  ler,  2e  et  3e  degr6s  de  rechelle 
de  COOPER  dans  toutes  les  conditions  (domaine  de  vol  et  etat  de  l'avion  et  des  syste- 
mes,  conditions  atmospheriques)  dont  la  probabilite  d'occurence  est  superieure  4 

io-3'5. 

b)  une  degradation  progressive  des  qualites  de  vol  est  admise  dans  des  conditions  oc- 
casionnelles.  Ceci  correspond  &  dec  degres  de  l'echelle  de  COOPER  compris  entre  le 


I1)-  1‘, 

-3  5  -7 

4e  et  le  6e  pour  des  probability  comprises  entre  10  ’  et  10 

c)  un  taux  global  de  pannes  catastrophlques  dues  4  la  navigability  extrfimement  rare, 
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c'est-4-dtre  inffirlenre  4  10  par  heure  de  voidest  exigy 

d)  le  risque  moyen  au  cours  d'un  atterrissage  automatique  doit  avoir  une  probability  In- 

_7 

fyrieure  a  10  ,  et  le  risque  au  cours  d’un  atterrissage  particulier,  lorsque  les  con- 

“6 

ditions  sont  connues,  ne  doit  pas  avoir  une  probability  supyrieure  4  3.10 

A  ces  regies  s’ajoutent  des  considyrations  de  bon  sens  tenant  compte  de  l’incertitude 
des  donnyes  ou  des  estimations  probabilistes ,  au  stade  d’un  projet  ou  au  dybut  de  l’ex- 
ploitation  d’un  avion,  ou  simplement  de  I’impossibility  pratique  de  dymontrer  les  taux 
d’occurence  les  plus  faibles  des  conditions  exceptionnelles.  Ainsi  : 

a)  Aucune  panne  simple  ou  combinaison  de  pannes  non  improbable  ne  doivent  avoir  un 
effet  catastrophique 

b)  Des  pannes  rares  ne  doivent  pas  avoir  d’effets  dangereux 

c)  Des  pannes  courantes  ne  doivent  avoir  que  des  effets  mineurs 

En  outre  les  possibilitys  d’erreurs  de  pilotage,  de  contrdle  ou  d’entretien,  ne  doivent 
pas  6tre  nygligyes. 

2.2-  Applications  des  regies  de  sdcurity  - 

Indiquons  sommairement  certaines  des  principales  consyquences  de  ces  regies  sur  la 
conception  du  systeme  des  commandes  de  vol. 

2.2.1  -  Justification  d ’une  commande  yiectrique  - 

Le  principe  d’une  commande  yiectrique  ayant  dty  choisi  par  des  considyrations  de  perfor¬ 
mances,  il  est  fondamental  de  le  justifier  du  point  de  vue  de  la  navigability,  4  cause  de 

sa  nouveauty.  On  admet  comrae  objectif  spycifique  des  commandes  de  vol  un  taux  de  pan- 
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nes  catastrophlques  de  10  pour  satisfaire  1 ’objectif  d'un  taux  global  de  10  pour 

1 'avion. 

Or  l'expyrience  d'avions  militaires,  pour  aussi  notable  qu'elle  soit,  ne  peut  fournir  une 
assurance  suffisante  pour  considyrer  les  objectifs  fixys,  et  spycialcment  le  taux  de  pan¬ 
ne  catastrophique,  comme  techniquement  realisables  aujourd'hui  au  moyen  d'une  commande 
purement  yiectrique.  En  effet  en  admettant  rndme  qu'ils  le  soient  en  principe  au  prix  d'un 
certain  degry  de  redondance,  il  apparait  comme  impossible  d'ytre  assury  que  l'analyse  de 
sycurity  d'un  systeme  yiectrique  ainsi  redondant,  aussi  minutieuse  soit-elle,ne  nyglige 
aucune  panne  subtile  de  consyquence  catastrophique.  En  tout  cas  on  ne  peut  pryteniire 
convaincre  les  Autoritys  Officielles  qu'il  puisse  en  Stre  ainsi.  Dans  ces  conditions,  une 
solution  de  compromis  a  yty  choisie,  comprenant  une  commande  yiectrique  double  et  sur- 

veiliye  et  une  commande  mycanique  de  secours  avec  commutations  automatiques.  La  pro- 

—8 

bability  de  perte  totale  de  la  commande  yiectrique  est  estimye  pour  les  yievons  4  2.10 

-8 

par  heure,  pour  des  vols  de  3  heures,  et  4  8.10  pour  la  direction.  La  panne  catastro¬ 
phique  totale  de  l'ensemble  des  commandes  yiectrique  et  mycanique  est  alors  improbable. 
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En  outre,  la  frequence  de  la  panne  de  la  commande  eiectrique.  qul  entrafne  une  deterio¬ 
ration  importante  mais  non  catastrophique  des  qualites  de  vol  par  suite  de  la  perte  cor¬ 
relative  des  autostabilisateurs ,  est  acceptable  au  sens  des  rcglements. 

Ces  valeurs  sont  obtenues  d'une  part  au  moyen  d'une  redondance  (2  chafties  independan- 

tes,  y  compris  leurs  alimentations  eiectriques.  comportant  chacune  3  chafties  eiementai- 

res  pour  les  3  paires  d'eievons  et  2  chafnes  eidmentaires  pour  les  2  tronqons  de  gouver- 

nail  de  direction)  et  d'autre  part  grdce  4  la  simplicite  des  chafne3  et  4  la  fiabilite  de 

leurs  composants.  Le  taux  de  panne  d'une  chafne  eiementaire  de  commande  d'une  paire 

d'eievons  comprenant  3  resolvers,  un  amplificateur  et  une  servovalve,  est  de  l'ordre 
-4 

de  10  .  Une  attention  particuliere  est  portee  aux  convertisseurs  statiques  assurant  1  'ali¬ 

mentation  autonome  des  chafnes  :  chaque  convertisseur  et  son  boftier  de  protection  ont 

-5 

un  taux  de  panne  estime  de  8.10  par  heure.  Une  demonstration  de  fiabLite  executee  sur 
5  convertisseurs  pendant  2500  heures  sans  panne  permet  dej4  de  garantir  un  MTBF  de 
12.500  heures  avec  un  coefficient  de  confiance  de  65  %. 

Les  pannes  partielles  de  la  commande  eiectrique  n'ont  pas  de  consequences  ou  ont  des 
consequences  admisslbles  relativement  4  leur  frequence  sur  les  qualites  de  vol  et  le 
pilotage.  Ainsi  la  perte  de  l'une  des  2  chafnes  eiectriques  n'a  pas  de  consequence,  grace 
aux  commutations  automatiques. 

Le  systime  de  surveillance  et  de  commutation  des  chafnes  de  commande  doit  Ctre  traite 
avec  le  mtme  souci  de  fiabilite.  La  non  detection  d'une  panne  entrafnant  un  embarquement 
de  gouvernes,  presente  un  risque  majeur.  La  surveillance  doit  done  avoir  un  taux  de  pan¬ 
ne  extremement  rare  et  etre  par  suite  doubiee.  II  en  est  de  mSme  du  systeme  de  commu¬ 
tation,  et  specialement  des  eiectrovannes  alimentant  les  servovalves.  De  plus  la  commu¬ 
tation  doit  etre  automatique  et  extrfimement  rapide  pour  limiter  les  embarquements  de 
gouvernes  4  des  valeurs  admissibles  pour  la  resistance  structurale.  Enfin  les  commuta¬ 
tions  ne  doivent  pas  6tre  intempestives  :  la  surveillance  ne  doit  agir  qu'au  del4  d'un 
seuil  d'Scart  compatible  avec  les  tolerances. 

D'autre  part  la  commande  eiectrique  du  TSS  reste  conventionnelle  par  le  fait  qu'elle  reali¬ 
se  une  liaison  cinematique  directe  entre  les  ordres  du  pilote  et  les  actionneurs  des  gou¬ 
vernes.  II  n'a  pas  6te  tire  un  avantage  technologique  de  cette  liaison  eiectrique  pour  rea- 
liser  un  flltrage  direct  des  ordres  de  pilotage,  en  vue  d'optimiser  la  rdponse  de  l'avion. 

Un  tel  filtrage,  dont  l'autocommande  est  un  exemple  d'application  impliquerait  une  pleine 
autorite  du  filtre.  Les  probiemes  de  securite  qui  en  rdsulteraient  et  leurs  solutions  certi- 
flables  sont  apparus  au  premier  examen  comme  assez  complexes,  pour  ne  pas  permettre 
une  application  immediate. 

2.2.2  -  Conception  des  aides  au  pilotage  - 

La  panne  d'un  dispositif  d'aide  au  pilotage  ayant  une  consequence  notable  sur  le  pilotage 
et  les  qualites  de  vol  doit  etre  occasionnelle.  Cet  objectif  s'applique  aux  autostabilisateurs 
(sur  un  ou  plusieurs  axes),  au  dispositif  de  sensation  musculaire  (sur  un  ou  plusieurs 
axes),  au  trim  automatique.  II  entrafne  pratiquement  la  duplication  de  ces  elements. 
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Les  centrales  agrodynamiques  qui  rf glent  les  variations  des  gains  de  ces  dispositifs 
sont  elles-mgmes  doublges  et  partiellement  autosurvelllges.  Mais  comme  11  n'est  pas 
possible  d'attendre  de  ces  centrales  une  flabilltg  telle  qu'elle  n'affecte  pas  notablement 
celle  de  la  stabilisation  les  stabilisateurs  sont  conqus  pour  survivre  &  une  panne  dg- 
tectge  de  centrale  agrodynamique,  mais  avec  des  autorltgs  et  des  gains  rgdults  prgdg- 
termings. 

D'autre  part,  il  est  Important  de  noter  que  l'action  des  stabilisateurs  s'exerce  au  niveau 
des  chafnes  glectrlques  des  commandes  de  vol.  La  fiabilitg  de  ces  chafnes  est  en  effet 
compatible  avec  l'objectif  fixg  et  ne  modifie  pas  notablement  la  flabilltg  globale.  De  ce 
fait  la  rgalisation  technologique  des  stabilisateurs  est  trfs  simple. 

Quant  au  systf  me  d'effort  artificlel,  la  perte  totale,  constdgrge  comme  prgsentant  un 
risque  majeur,  ne  peut  gtre  rendu  improbable  avec  un  systgme  glectro-hydraulique  dou- 
blg.  II  est  done  imposg  qu'une  partie  de  l'effort  soit  rgalisge  par  un  glgment  mgeanique 
(bielle  4  ressort). 

Mais  de  mgme  qu’une  commande  purement  glectrique  n'a  pas  gtg  retenue  pour  des  raisons 
psychologiques  plutdt  qu 'objectives .  de  mgme  il  a  gtg  consldgrg  comme  fondamental  que 
l'avion  reste  pilotable  en  l'absence  d'une  ou  plusieurs  de  ces  aides  au  pilotage,  quelle 
que  soit  la  raretg  de  leurs  pannes.  Il  est  cependant  admis  que  la  charge  de  travail  puissc 
gtre  notablement  accrue  pour  l'gquipage,  en  particulier  en  prgsence  de  trgs  fortes  turbu¬ 
lences.  Sous  cet  aspect  le  TSS  reste  un  avion  conventionnel. 

Mais  il  ne  suffit  pas  que  l'avion  soit  rgputg  pilotable  sans  aides  spgciales.  11  faut  aussi 
dgfinir  ces  aides  de  telle  sorte  que  leur  panne  n'ait  pas  de  consgquences  dlrectes  incon- 
trOlables.  C'est  pourquoi  ces  aides  doublges  sont  en  outre  autosurveillges  avec  une  com¬ 
mutation  et  une  dgconnexion  automatique,  la  probabilltg  des  non-commutations  par  dgfaut 
de  surveillance  gtant  extrgmement  rare  ou  improbable.  D'autre  part,  ces  aides  ont  une 
limitation  d'autoritg.  Cette  limitation  est  dgterminee  par  un  compromis  entre  les  qualitgs 
de  vol  et  la  sgcuritg  vis  4  vis  de  pannes  actives.  Pour  les  stabilisateurs  les  braquages  de 
gouvernes  commandgs  sont  limitgs  4  14  4'  suivant  l'axe  et  le  nombre  de  Mach.  Pour 
l'autotrim,  la  limitation  porte  sur  la  vitesse  de  variation  de  la  correction  de  braquage.  ■ 

2.2.3  -  Conception  du  pilote  automatique  et  du  systgme  d 'atterrissage  par  mauvaise 
visibilitg  - 

La  liaison  du  pilote  automatique  et  du  systfrne  de  commandes  de  vr  1  est  dgfinie  en  fonc- 
tion  des  objectifs  de  sgcuritg  imposgs.  Il  a  gtg  considgrg  que  la  sgcuritg  vis  4  vis  d'une 
panne  catastrophique  ne  pouvait  gtre  garantie  essentiellement  par  un  dispositif  automati¬ 
que  de  surveillance  purement  glectronique  assurant  la  dgcor.nexion  du  pilote  automatique 
avec  la  fiabilitg  requise  sauf  pendant  un  court  instant  au  cours  de  la  phase  d 'atterrissage 
automatique,  sous  rgserve  d'un  test  prgalable.  Il  a  done  gtg  dgcidg  d'assurer  la  sgcuritg 
pendant  la  majeure  partie  du  vol  par  un  dispositif  mgeanique  de  limitation  d'autoritg. 

L'gtude  de  la  sgcuritg  pendant  i'atterrlssage  automatique  ngeessiterait  un  long  dgvelop- 
pement,  car  le  systfme  d'atterrissage  automatique  intggre  de  nombreux  glgments,  dont 
le  systgme  de  commandes  de  vol  et  le  pilote  automatique  ne  so  it  que  des  glgments  parml 

les  plus  importants.  Le  sujet  a  gtg  exposg  au  symposium  de  l'AGARD  des  20  au  23  mai  1989 

.../ 
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i  Cambridge.  Notons  seulement  que  les  exigences  de  sdcuritd  menttonndes  prdcddemment 
sont  considdrdes  comme  pouvant  dtre  satisfaltes  avec  un  ensemble  compldtement  doubld, 
avec  commutations  automatiques ,  comportant  notamment  un  pllote  automatlque  autosur- 
veilld  agissunt  sur  le  systeme  dlectrique  de  commande  de  vols  surveilld. 
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Considdrons  en  effet  l'objectif  d'un  taux  d'aecident  moyen  de  10  par  atterrissage,  es- 
sentlellement  dd  au  systdme  d'atterrlssage  automatlque.  Attrlbuons  aux  pannes  de  ma¬ 
teriel  une  contribution  maximale  de  50  %,  le  reste  dtant  dQ  k  des  dcarts  excessifs  de  per¬ 
formances.  Parml  les  pannes  de  matdriel  admettons  que  la  moitid  au  plus  soit  due  aux 
dquipements  de  bord.  Ces  pannes  peuvent  consister  en  la  perte  du  guldage  par  la  panne 
du  systf’me  doubld  (due  i  la  panne  d'un  dldment  de  chaque  chafne)  ou  en  une  panne  active 

due  d  la  panne  non  ddtectde  de  la  chafne  travaillante.  Admettons  rdqui-partitlon  de  ces 

-7 

taux  de  panne.  Considdrons  le  premier  cas  dont  la  probabilitd  est  0,  125. 10  et  calcu- 
lons  simplement  la  fiabilitd  d'une  chafne  satisfaisant  h  l'objectif  en  considdrant  que  la 
durde  du  risque  est  de  l'ordre  de  12  secondes  par  atterrissage.  Le  MTBF  de  chacune 
des  2  chafnes  doit  dtre  au  moins  tel  que 


(  J±_  _L _ )2 

3600  MTBF 


0,125.10 


soit  environ  30  heures.  Cette  fiabilitd  est  certainement  rdalisable  et  ddmontrable.  En 
utilisant  des  dldments  ayant  des  fiabilitds  dldmentaires  courantes,  une  fiabilitd  globale 
trds  supdrieure  peut  dtre  espdrde. 


2.3  -  Objectif8  opdrationnels  - 

Les  objectifs  de  fiabilitd  opdrationnelle  sont  gdndralement  contradictoires  avec  ceux  de 
la  navigabilitd.  Car  les  taux  de  sdcuritd  extrfimes  exiges  par  la  navigabilitd  impliquent 
une  certaine  complexitd  des  redondances  et  de  surveillances  ndcessaires.  alors  que 
l'utilisation  opdrationnelle  optimale  implique  le  maximum  de  simplicitd.  Mais  cette 
contradiction  ne  doit  pas  dtre  trop  schdmatisde.  En  effet.  bien  que  la  ddfinition  de  prin- 
cipe  d'un  systdme  soit  lide  aux  objec.ifs  de  performances  et  de  sdcuritd.  les  objectifs 
opdrationnels  peuvent  dtre  rdalisds  au  moyen  d'une  technologie  appropride  des  dldments 
du  systdme.  C;ss  oojectifs  concernent  en  effet  le  contrdle  du  matdriel  &  bord  et  son  en- 
tretien  en  atelier.  II  n'est  pas  question  de  pouvoir  contrfller  dans  un  ddlai  acceptable 
l'intdgritd  de  systcmes  complexes  autosurveillds ,  comportant  en  particulier  des  compa- 
rateurs  de  chafhes  actives  et  de  chafnes  de  surveillance,  au  moyen  de  manoeuvres  clas- 
slques  de  check  list.  Le  contrdle  doit  dtre  rapide,  ne  doit  ndceesiter  aucun  matdriel  an¬ 
nexe  et  doit  fournir  une  indication  suffisante  pour  localiser  un  dldment  en  panne.  Dans 
ce  but,  le  systdme  de  commandes  de  vol  et  des  aides  au  pilotage  est  conqu  pour  dtre 
testd  automatiquement ,  soit  au  moyen  d'un  systf  me  central  k  programme  sdquentiel 
soit  au  moyen  de  circuits  d'autotest  particuliers  &  chaque  sous-sy steme. 


3.  -  CONCEPTIONS  DE  PRINCIPE  ET  TECHNOLOGIES  - 

Indiquons  maintenant  comment  les  objectifs  de  performances  et  de  fiabilitd  dnoncds  sont 
appliquds  k  la  conception  gdndrale  du  systdme  de  commandes  de  vol  et  a  la  ddfinition  j 


technologique  de  certains  tfldments  importants. 


i 


3.1-  Schema  g6n£ral  du  systc me  de  commandes  de  vol  - 

Les  gouvernes  comprennent  les  41evons  assurant  le  tangage  et  le  gauchissement.  consti¬ 
tute  de  3  trongons  par  cfltt  de  vollure,  et  le  gouvernail  de  direction,  constttut  de  2  tron¬ 
gons.  Chaque  trongon  est  actionnt  par  une  servocommande  tlectro-hvdraulique  4  double 
corps  en  tandem. 

Les  tlevons  se  divisent  en  deux  groupes  contrftlts  indtpendamment  internes  d'une  part, 
medians  et  externes  d'autre  part.  Les  premiers  ont  pour  fonction  principale  le  contrdle 
en  tangage,  les  autres  en  gauchissement  (Fig.  7). 

Les  commandes  comportent  des  organes  de  pilotage  classiques  (manche,  volant,  ptdales). 
Mais  i'action  du  pilote  sur  les  vtrinB  de  puissance  s’exerce  sulvant  deux  modes.  Le  mode 
tlectrique  est  le  mode  normal.  II  est  double  et  surveillt.  Le  mode  mtcanique  est  utilise 
en  secours.  Une  sequence  automatique  assure,  en  cas  de  pannes,  les  commutations  du 
premier  mode  tlectrique  sur  le  second  puis  sur  le  mode  mtcanique.  L'actlon  de  l'auto- 
pilote  s'exerce  par  l'intermtdiaire  du  mode  tlectrique  (Fig.  8). 

3.1.1  -  Dans  le  mode  normal  de  commande  manuelle  tlectrique,  les  actions  du  pilote 
sont  transmises  directement  4  des  chafnes  doubles  de  synchrodttection.  Ces  chames 
n'introduisant  que  des  erreurs  minimes  de  positionnement,  la  precision  de  positionnement 
des  gouvernes  depend  de  celle  des  organes  de  pilotage.  C'est  pourquoi  le  dispositif  de 
sensation  artificielle  et  le  trim  associt  sont  placts  4  l'amont  de  la  commande. 

Pour  les  tlevons.  les  chalnes  rtalisent  tlectriquement  les  ordres  de  braquages  antis- 
symttriques  S  p  +S  q  4  partir  des  ordres  de  gauchissement  et  de  tangage. 

Les  chafnes  tlectriques  fournissent  les  ordres  de  commande  directement  aux  servovalves 
tlectro-hydrauliques  contrOlant  les  distributeurs  des  servocommandes  de  puissance  (les 
leviers  d'attaque  mtcanique  des  servocommandes  ttant  alors  dtbrayts  hydrauliquement). 
Les  actions  des  dispositifs  automatiques  s'exercent  4  divers  niveaux.Le  trim  regoit,  outre 
les  ordres  du  pilote  ceux  des  centrales  aerodynamiques  pour  assurer  la  fonction  du  trim 
automatique  d'incidence  et  de  Mach.  Les  autostabilisateurs  agissent  sur  les  amplificateurs 
des  chafnes  Slectriques. 

3.1.2  -  Dans  le  mode  de  secours  de  commande  manuelle  mtcanique,  les  actions  du  pilote 
sont  transmises  par  cables  aux  servocommandes  de  puissance  par  l'intermtdiaire  de  3 
vtrins  relais  (1  par  axe),  dont  l'existence  est  en  fait  lite  au  mode  de  pilotage  automatique. 
La  commande  mtcanique  entre  les  vtrins  relais  et  de  puissance  est  simple  du  fait  de  sa 
nature  de  secours. 

Pour  les  tlevons  internes  d'une  part  et  les  tlevons  median  et  externe  d’autre  part,  un 
dlfftrentiel  mtcanique  realise  les  braquages  antissymttriques. 

Dans  ce  mode,  le  seul  dispositif  automatique  disponible,  mis  4  part  le  dispositif  d'effort 
artificiel,  est  le  trim. 
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3.1.3  -  Dans  le  mode  de  pilotage  automatlque,  les  ordres  de  l'autopilote  sont  injectfts 
aux  servovalves  ftlectrohydrauliques  contrOlant  les  dlstrlbuteurs  des  servocommandes 
relais  et  sont  transmls  aux  chafhes  ftlectrlque3  par  1  'inter mftdiaire  de  blelles  ft  ressort 
ft  seull  assurant  une  limitation  d'autoritft  mftcantque  par  reaction  sur  le  dispositlf  d'ef- 
fort  artiflclel. 

Dans  ce  mode,  les  organes  de  pilotage  et  par  suite  les  synchro-transmetteurs  des  chafnes 
ftlectriques  sont  entrafnfts  par  les  vftrlns  relais  par  1 'intermftdiaire  de  leur  levler  d'at- 
taque  mftcanlque  bloquft  par  verrouillage  hydraulique  et  dftsolldarisft  hydrauliquement  des 
dlstrlbuteurs. 


3.2-  Schema  de  la  commande  ftlectrlque  (Fig.  9)  - 

3.2.1  -  Systftme  de  commande  - 

La  commande  ftlectrlque  est  doublfte  et  comprend  des  ch  inas  dites  "bleues”  et  des  chafnes 
"vertes"  llftes  aux  corps  hydrauliques  des  circuits  bleu  et  vert  des  servocommandes  de 
puissance.  Elies  comprennent  deux  chr.lnes  (bleue  et  verte)  de  synchro-detection  par  pal- 
re  d'ftlevons  et  deux  chaDies  pour  le  gouvernail  de  direction.  L'une  des  deux  c'nalnes  est 
rendue  active,  en  mode  de  commande  ftlectrique,  par  mise  en  pression  des  servovalves 
qu'elle  contrOle,  au  moyen  d'ftlectrovannes  doublftes.  Sur  chaque  servocommande  de 
puissance,  ft  double  corps  hydraulique,  la  servovalve  active  contrOle  le  distributeur  d'un 
corps,  et  par  une  liaison  mftcanique  entre  dlstrlbuteurs.  le  distributeur  de  l'autre  corps. 

L 'alimentation  ftlectrlque  des  chafnes  ft  partir  des  batteries  de  bord  s'effectue  par  deux 
convertisseurs  statiques  particuliers  de  haute  fiabilitft.  La  frequence  de  1800  hertz  a 
fttft  choisie  d'une  part  pour  ftviter  les  interferences  par  couplage  avec  la  frequence  norma- 
le  de  400  hertz  des  autres  circuits  ftlectriques,  et  d'autre  part  pour  optimiser  la  precision. 
En  particulier  le  rapport  de  transformation  d'une  chafne  CX  -  CDX  -  CT  est  ainsi  mainte- 
nu  constant  ft  +  1  G  %  prfs  pour  des  temperatures  variant  de  -  40  ft  +  120°  C. 


3. 2. 1 . 1  -  Une  chafne  ftlectrique  (bleue  ou  verte)  du  gouvernail  de  direction  comprend  un 
transmetteur  CX  mesurant  le  deplacement  rc  des  pftdales,  2  dfttecteurs  CT  lifts  chacun 
ft  une  servocommande  et  mesurant  le  braquage  S  r  des  deux  tron^ons  du  gouvernail, 

2  amplificateurs  et  2  servovalves.  Transmetteur  et  dfttecteurs  sont  des  transformateurs 
de  coordonnftes  (resolvers),  comportant  un  rotor  ft  un  enroulement  et  un  stator  ft  2  enrou- 
lements  en  croix.  Les  stators  fttant  relifts  ftlectriquement ,  1'enroulement  du  rotor  du  dft- 


tecteur  dftlivre  un  signal  mesurant  l'ftcart 


r.  L 'amplificateur  additionne  ce 


signal 


(dont  le  signe  est  determine  par  la  phase  )  ft  celul  de  1 'autostabilisateur 


et  dftlivre  ft  la  servovalve  I'ordre  d 'asservissement  r c  ~  t  +  S' i Tg^, 


3. 2. 1.2  -  Une  chafne  d'une  paire  d'ftlevons  est  un  peu  plus  complexe  ft  cause  des  melanges 
des  ordres  de  gauchissement  et  de  tangage.  Elle  comprend  un  transmetteur  CX  mesurant 
le  dftplacement  S  qc  du  manche,  2  transmetteurs  diffftrentiels  CDX  mesurant  avec  des 
signes  opposfts  le  dftplacement  du  volant  S' Pc-  2  dfttecteurs  CT  mesurant  les  braquages 
antissymfttriques  des  deux  ftlevons  d  _  et  S  2  amDlificateurs  et  2  servovalves  contrd- 
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lant  les  deux  eievons.  Lee  transmetteurs  diffdrentiels,  qul  sont  des  transformateurs  de 

coordonn£es  (resolvers)  comport  ant  un  rotor  et  un  stator  &  2  enroulements  en  croix, 

sont  intercal£s  eiectrlquement  entre  le  transmetteur  et  les  dfitecteurs,  de  sorte  que 

ceux-cl  ddlivrent  des  signaux  mesurant  lea  hearts  S q  +  Sp  -  S  et  Sq  Sp  -  S’  . 

ecu  ecu 

Les  amplificateurs  additlonnent  ces  signaux  &  ceux  des  autostabilisateursXqg^,  +  b  p;-^ 

et  deiivrent  aux  servovalves  les  ordres  d'asservissement 

rV  +  Sp_  +  /q  /pOT  -  S’- 


et  fqc  -  fpc  +  fqST  -  fp^  -  ^ 


3.2.2  -  SystEme  de  surveillance  et  de  commutations  - 

La  surveillance  des  chafnes  glectriques  s'effectue  par  des  chalnes  de  synchrodgtection 
de  comparalson,  dont  les  signaux  d'erreur  sont  compares  4  des  seuils  fixgs  pour  dgclen- 
cher  les  commutations  de  mode. 

3. 2. 2.1  -  Les  2  gouvernails  de  direction  sont  simultangment  auto-surveillgs  par  2  chaf- 
nes  de  surveillance  bleue  et  verte  surveillant  chacune  les  2  chalnes  de  commande  bleu 
ou  verte  (Fig.  10).  Une  chafne  de  surveillance  comprend  un  transmetteur  CX  mesurant 
l'ordre  des  pgdales  S’ r  ,  2  ddtecteurs  CT  mesurant  le  braquage  de  chaque  gouvernail 

S  r .  2  dgtecteurs  lingaires  mesurant  le  dgplacement  des  distrlbuteurs  bleus  ou  verts 

des  2  gouvernails,  et  un  comparateur  double.  Celui-ci  regoit  les  signaux  d'gcart 

r  r-  r  r  et  les  corrige  par  les  signaux  dgtectant  l'ouverture  des  distributeurs.  de 
c 

fagon  qu'un  gcart  dd  a  la  saturation  en  effort  ou  au  trainage  de  l'une  des  servocommandes 
ne  soit  pas  considgrg  comme  dd  a  une  erreur  de  commande,  dans  la  limite  d'un  gcart 
de  2*.  Outre  cette  fonction  de  correction,  les  dgtecteurs  lingaires  ont  pour  rdle  une 
detection  des  embarquements  de  gouvernails  en  avance  par  rapport  aux  braquages,  grace 
au  fait  que  les  distributeurs  commandent  en  vitesse  les  vgrins.  Les  signaux  resultant 
sont  compares  a  un  seuil  pour  commander  un  relais  dgclenchant  les  commutations  simul- 
tanement  sur  les  2  gouvernails.  La  valeur  du  seuil  est  fixde  a  2*15'  par  deux  considera¬ 
tions.  O'abord  le  taux  de  commutations  intempestives  dd  aux  tolerances  des  chafhes  de 
commande  en  fonctionnement  dynamique  doit  6tre  trf  s  faible  (On  estime  que  l'ecart  type 
de  2  chafnes  de  commande  est  de  l'ordre  de  20').  D'autre  part  l'embarquement  dynamique 
d'une  gouverne  doit  rester  compatible  avec  la  resistance  structurale,  compte  tenu  du  re¬ 
tard  des  commutations.  Par  ailleurs  des  precautions  sont  prises  pour  ddceler  une  coupu- 
re  d 'alimentation. 

3. 2. 2. 2  -  Les  eievons  internes  sont  intersurveillds  par  2  chafnes  de  synchrodetection 
bleue  et  verte  surveillant  respectivement  les  chafnes  de  commande  bleues  et  vertes.  Une 
chafne  comprend  un  transmetteur  de  vitesse  2  mesurant  le  double  de  l'ordre  du  volant 


2  &  p^,  un  transmetteur  differential  CDX  mesurant  le  braquage  d'un  glevon  (Jp  +  Sq)^, 
un  dfitecteur  mesurant  le  braquage  de  1 'glevon  symgtrique  (Sq  -  S P)jy  2  dgtecteurs 
lingaires  mesurant  les  dgplacements  des  distributeurs.  et  un  comparateur  double.  Ces 


r 


capteurs  sont  relics  eiectriquement  de  fagon  4  d61ivrer  un  signal 


! p  +  </q  -  ^P>n  -  (  /q  +  ^ p)„  , 


qul  est  nul  si  l'6cart  des  braquages  est  4gal  au  double  de  1'ordre  de  gauchissement,  ce 
qui  serait  normal  en  l’absence  d'ordres  de  stabilisation.  Ce  signal  est  done  corrige  Ju 
double  du  signal  de  stabllisa*ion  en  roulis  : 

2^pc  +  (£q  -  $'p)D  -  <^q  +^P)G  +  2  ^PST 

II  est  ensuite  corrige  par  les  signaux  des  detecteurs  Unfair es  de  l'erreur  de  trainage 
des  v6rins  lorsqu'ils  ont  des  mouvements  antisym6triques.  Ce  signal  est  finalement  com¬ 
pare  au  seuil  fixe  pour  provoquer  les  commutations  successives  des  modes  61ectriques 
bleu  et  vert  et  du  mode  m6canique. 

3. 2.  2. 3  -  Les  dlevons  medians  et  externes  d'un  m6me  cflt6  de  la  voilure  sont  intersurveil- 
16s  par  2  chalnes  de  synchrodetection  affectfies  aux  chafnes  de  commande  bleues  et  vertes. 
Mais  les  commutations  de  mode  successives  affectent  l'ensemble  des  eievons,  les  2  chaf¬ 
nes  sym6triques  de  m6me  couleur  6tant  traitfies  par  le  mfme  comparateur. 

Une  chafne  comprend  un  transmetteur  CX  mesurant  le  braquage  d'un  61evon,  un  detecteur 
CT  mesurant  le  braquage  de  1 'autre  61evon  du  mfime  c0t6,  2  detecteurs  lin6aires  mesu¬ 
rant  les  d6placements  des  2  distributeurs  et  un  comparateur  double.  Le  signal  d'6cart 
des  braquages  corrige  des  dcarts  d'ouverture  des  distributeurs  est  compare  &  un  seuil 
pour  provoquer  les  commutations  successives  de  modes. 

3.3-  Servocommandes  de  puissance  - 

La  technologie  g6n6rale  des  servocommandes  de  puissance  r6sulte  principalement  de  1 'or¬ 
ganisation  des  circuits  hydrauliques,  de  la  conception  de  la  commande  eiectrique,  et  de 
considerations  structurales. 

Les  circuits  hydrauliques  comportent  deux  circuits  normaux  independents  dits  "bleu  et 
vert".  Un  circuit  de  secours  dit  "jaune"  peut  alimenter  1'un  ou  l'autre  des  circuits  normaux 
en  cas  de  d6falllance  de  leur  generation.  (Cette  disposition  est  consider6e  comme  devant 
rendre  Improbable  une  panne  hydraulique  totale).  D 'autre  part,  la  commande  eiectrique 
des  v6rins  de  puissance  est  doubl6e  par  suite  des  considerations  de  fiabilite  et  de  perfor¬ 
mances  lndiquees  pr6c6demment.  Dans  ces  conditions,  les  v6rins  de  puissance  de  chaque 
tron$on  de  gouverne  sont  doubles.  11 3  sont  disposes  en  tandem  plutdt  que  juxtaposes,  pour 
constituer  des  ensembles  int6gr€s  afln  de  minimiser  leur  masse  et  leur  encombrement  et 
faclliter  leur  synchronisation  en  mode  eiectrique,  n6cessaire  a  leurs  performances  dyna- 
miques. 

La  securite  structurale  n6cessaire  pour  preserver  la  s6curit6  fonctionnelle  d'un  tel  ensem¬ 
ble  double  est  assur6e  par  la  redondance  des  attaches  sur  la  structure  et  des  liaisons  avec 
la  gouverne  :  le  corps  du  v6rin,  comprenant  deux  corps  hydrauliques  bleu  et  vert  accoies 
en  opposition  4  un  corps  central  se  deplace  le  long  d’une  tige  ancr6e  4  ses  deux  extr6mi- 
tes  sur  la  structure  support,  et  transmet  son  mouvement  4  la  gouverne  par  une  double 
liaison.  Une  glissifre  assure  un  guidage  approximatif  en  cas  de  rupture  d'un  ancrage  de 
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la  tige.  D'autre  part  l'ensemble  eat  rendu  ind£pendant  des  deformations  eiastiques  et 
thermiques  de  la  structure  support,  par  coupure  de  la  tige. 

Les  connexions  hydrauliques  s'effectuent  par  des  tubes  teiescopiques,  de  faqon  4  4viter 
les  tuyauteries  souples.  dont  l'encombrement  serait  excessif  et  la  fiabilite  douteuse. 

Chaque  corps  hydraulique  est  constitu£  d’une  enveloppe  mince  cylindrique  en  acier  chro¬ 
me  coulissant  sur  un  piston  porte  par  un  element  de  tige.  II  porte  un  bloc  de  distribution 
en  alliage  d'aluminium  comportant  une  servovalve  eiectrohydraulique  4  retour  d'asser- 
vissement  mecanique,  mise  en  pression  par  une  filectrovanne  4  enroulement  double,  et 
actionnant  un  distributeur  principal  4  tiroir  sans  recou-,  rement  et  4  gain  eieve,  un  cap- 
teur  de  deplacement  lineaire  utilise  pour  la  surveillance  eiectrique  et  un  clapet  automa- 
tique  de  by-pass  et  d'amortissement. 

Les  deux  corps  sont  synchronises  par  la  liaison  m6canique  de  leurs  distributeurs  princi- 
paux.  Cette  liaison  est  definie  de  faqon  4  minimiser  les  effets  des  dilatations  thermiques. 
En  mode  mecanique,  le  levier  d 'asservissement  couvOle  directement  les  distributeurs 
par  cette  liaison.  En  mode  eiectrique  ce  levier  est  debraye  hydrauliquement  et  le  contrO- 
le  des  distributeurs  s'effectue  par  l'une  ou  l'autre  servovalve  eiectrohydraulique.  (Le 
fonctionnement  en  duplex  de  la  commande  eiectrique  entrafhant  simultanement  les  servo¬ 
valves  n'a  pas  et6  consider  comme  praticable  4  cause  de  l’influence  des  tolerances  des 
chafnes  eiectrohydrauliques  sur  les  performances  dynamiques  de  l'ensemble,  compte 
tenu  des  gains  en  debits  eieves  des  distributeurs).  L'activation  de  l'une  ou  l'autre  servo¬ 
valve  s'effectue  par  l'ouverture  de  l'eiectrovanne  correspondante,  commandee  par  le 
systcme  de  surveillance  et  de  commutation  de  modes. 

L 'asservissement  en  mode  eiectrique  est  realise  au  moyen  de  synchrodetecteurs  (bleu 
et  vert)  montes  sur  le  corps  et  entrarnes  en  rotation  par  une  biellette  redondante  (fail 
safe)  dont  une  extrftmite  est  articuiee  sur  la  structure  support.  Ces  synchrodetecteurs 
sont  enfermes  dans  un  boftier  qui  contient  aussi  les  capteurs  de  surveillance  et  de  repe¬ 
tition  de  braquage. 

Les  performances  statiques  des  servocommandes  sont  remarquables.  Leur  resolution 
correspond  4  1  minute  d'angle  de  gouverne,  leur  hysteresis  4  moins  de  +  1 ,  5  minute. 

Les  performances  dynamiques  sont  compatibles  avec  celles  des  autostabilisateurs.  La 
frequence  de  coupure  est  sup4rieure  4  10  hertz.  Aux  frequences  des  mouvements  propres 
de  l'avion  et  pour  de  trcs  petits  braquages  de  gouverne.  le  dephasage  n'exctde  pas  20* . 

Ces  resultats  sont  obtenus  grace  aux  performances  eievees  des  servovalves  4  l'absence 
de  fuite  statique  et  4  une  technologie  de  distributeurs  hydrauliques  sans  recouvrement. 

Les  caracteristiques  de  la  rigidite  d'ancrage.  de  l’inertie  entrafn6e  et  de  l'effort  nominal 
sont  telles  que  les  servocommandes  doivent  fetre  stabilises.  Chaque  corps  posse  de  done 
un  rfiseau  hydraulique  (filtre  passe-haut)  errant  une  fuite  dynamique  stabilisante  entre 
les  chambres. 
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3.4-  Conceptions  e.  technologie  glectronique  - 

Mentionflons  seulement  quelques  aspects  typiques  communs  aux  systdmes  automatiques 
de  pilotage. 

3.4.1  -  Duplication  et  surveillance  - 

Pour  rgpondre  aux  objectifs  fixgs  de  fiabilitg^  l'ensemble  des  systemes  automatiques  est 
redondant.  Deux  solutions  gtaient  possibles  pour  rgaliser  cette  redondance  avec  la  sur¬ 
veillance  adequate  :  solution  triplex  constitute  de  3  chafnes  de  calcul  simples  fournissant 
par  comparaison  une  information  rgputge  sdre,  ou  solution  doublte  et  autosurveillte 
avec  commutation  automatique.  Une  comparaison  des  deux  solutions  serait  futile.  Ladop- 
tion  de  la  dernifre  solution  ne  rgsulte  pas  d'un  choix  doctrinal,  mais  d'une  adaptation  ap-  • 
proprite  4  1 'organisation  doublte  des  circuits  hydrauliques  et  glectriques,  entrafnant  une 
organisation  analogue  pour  le  systtme  de  commande  de  vol  normal  glectrohydraulique. 

La  redondance  exige  une  aggregation  physique  des  circuits,  qui  est  rtaliste  aistment 
avec  des  chalnes  doubltes.  Mats  1 'autosurveillance  des  elements  exige  aussi  une  aggre¬ 
gation  interne  des  circuits. 

Les  techniques  d 'autosurveillance  sont  diverses.  Les  circuits  de  calcul  sont  entitrement 
doubles  et  leurs  rgsultats  sont  compares.  Les  elements  glectromgcaniques  sont  surveil- 
lgs  par  comparaison  avec  un  module  61ectronique  trf  s  simple.  Une  servocommande  re¬ 
late  est  par  exemple  reprgsentge  par  un  circuit  du  premier  ordre.  Les  intggrateurs  sont 
surveillgs  par  comparaison  de  leur  entrge  et  de  leur  sortie  dgrivge.  Etc.  .  . .  Dans  ious 
les  cas  les  comparateurs  sont  doubles.  De  plus  les  surveillances  sont  fractionnges  de 
faqon  4  ce  que  les  seuils^  determines  par  les  tolerances  de  fonctionnement,  soient  compa¬ 
tibles  avec  la  precision  requise,  sans  que  la  multlplicitg  des  surveillances  partielles 
pulase  nuire  4  la  fiabilitg  ggngrale. 

3.4.2  -  Technologie  - 

L'utilisation  des  micro-circuits  intggrgs  est  ggneralisge,  l'option  pour  cette  technologie 
ayant  6t6  prise  df  s  1963,  pour  des  raisons  de  fiabilitg  et  dt  masse. 

Dans  les  circuits  de  calcul^  les  amplificateurs  opgrationnels  du  type  ^  A  709  ou  derives 
permettent'r'e  rgaliser  de  nombreuses  fonctions  de  transfert  lingaires  et  non  lingaires 
par  association  4  des  composants  isolgs.  Tous  les  calculs  sont  effectugs  en  courant  contl- 
nu.  Certains  circuits  hybrldes  specialises  sont  aussi  utilises,  mais  en  nombre  restreint 
4  cause  de  leur  prix.  Des  circuits  digitaux  sont  encore  utilises  pour  rgaliser  des  inte¬ 
grations  4  long  terme.  Les  integrations  glectro-mgcaniques  sont  proscrites. 

Dans  les  circuits  logiques  des  elements  DTL  (Diode  Transistor  Logic)  et  mtme  MSI 
(Medium  Scale  Integration)  sont  utilises.  Les  relais  sont  presque  glimings. 
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CONCLUSION  - 

Le  systftme  de  commandes  de  vol  de  CONCORDE  eat  conqu  pour  rftpondre  ft  des  objectlfa 
de  performances  propres  ft  sa  mission  supersonlque  et  des  objectifB  de  fiabilite  propres 
&  son  utilisation  opftrationnelle  civile.  Une  commande  ftlectrique,  inspires  de  realisa¬ 
tions  militaires  avancfies  apporte  la  precision  requise  et  facillte  l'int6gration  des  aides 
automatiques  de  pilotage.  Ce  systftme  reste  cependant  conventionnel  par  certains  aspects 
(organes  de  pilotage,  liaison  pilote  -  gouvernes  univoque,  limitations  d'autorite  mecani- 
ques,  etc. . . )  du  fait  des  contraintes  imposftes  par  les  habitudes  de  pilotage  et  les  ga- 
rantles  de  securite.  CONCORDE;premier  avion  de  transport  civil  ft  utillser  une  transmis¬ 
sion  eiectrique  des  ordres  de  pilotage  integrant  un  ensemble  d'aides  automatiques,  ouvre 
la  vole  aux  conceptions  de  pilotage  nouvelles  appropriees  au  transport  adronautique  de 
l'avenir. 


TSS  -  PARAMETRES  DE  LA  MANOEUVRABILITE  LONGITUDINALE 
LONGITUDINAL  MANOEUVRABILITY  PARAMETERS 
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TSS  -  COULOIR  TRANSSONIQUE  EN  MONTEE 
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Abstract 

A  review  of  current  flight  control  system  design  for  Combat  Aircraft  is  given  highlighting  the 
relianoe  already  placed  on  forms  of  electrioal  signalling  of  the  flying  control  surfaces  and  the 
increasing  use  of  feedbaok  control  techniques  to  achieve  satisfactory  handling  qualities.  In  all 
ourrent  systems,  however,  •  mechanical  backup  system  is  retained. 

A  description  of  a  possible  eleotrical  signalling  system  design  is  given,  including  manoeuvre 
demand  oontrol  characteristics  and  some  of  its  advantages  are  discussed. 

The  conclusion  is  reached  that,  although  some  experience  is  being  gained  in  service  of  forms 
of  eleotrioal  signalling,  aircraft  designers  have  not  yet  the  confidence  to  eliminate  mechanical 
reversion  systems  and  these,  unfortunately,  often  compromise  the  primary  electrical  signalling  system 
performance.  Recent  system  developments  should  lead  to  the  abandoning  of  these  mechanical  reversion 
systems  in  future  project  designs  and  the  full  benefits  of  feedback  control  can  then  be  obtained. 
These  include  the  optimisation  of.  the  overall  airframe  taking  advantage  of  feedback  control  and  new 
oookpit  layouts  taking  advantage  of  the  use  of  small  side  controllers. 


1  INTRODUCTION 


In  past,  automatic  control  has  been  considered  in  aircraft  designs  as  a  means  of  supplementing 
the  basic  aircraft  stability  and  handling  qualities.  A  great  deal  of  effort  has  been  put  into  the 
aerodynamic  design  to  achieve  good  performance  from  the  aircraft  with  a  minimum  loss  of  stability  and 
oontrol  characteristics.  However,  it  is  quite  clear  that  each  successive  generation  of  aircraft  has 
relied  more  on  automatic  control  than  <h«  previous  generation  (see  Figure  l)  and  yet  the  automatic) 
oontrol  system  is  often  looked  upon  bj  jany  aircraft  designers  as  an  unavoidable  nuisance  whioh  makes 
the  aircraft  more  complex  and  need  more  maintenance.  Because  of  this  "basic  distrust  in  'blaok  boxes', 
the  oontrol  system  has  had  many  constraints  placed  upon  it,  such  as  authority  limitation,  whioh  has  in 
turn  wasted  some  of  the  development  potential  since  too  great  a  change  in  dynamic  characteristics  would 
not  be  permissible  when  the  system  saturated  or  when  the  system  failed.  The  recent  developments  using 
'failure  survival'  principles  have  gone  some  w ^  to  increasing  the  effectiveness  of  automatic  oontrol 
systems  but  reversion  or  'get  you  home*  systems  are  retained  for  safety.  These  latter  systems  are  now 
presenting  severe  design  difficulties  since,  if  the  aircraft  was  acceptable  with  suoh  a  simpler  rever¬ 
sion  system  there  would  have  been  no  need  for  a  more  sophisticated  primary  system.  In  praotioe,  the 
reversion  system  may  be  acceptable  over  a  limited  flight  envelope  whioh  would  enable  the  aircraft  to  be 
returned  to  some  diversionary  airfield. 

In  current  project  designs  for  Advanoed  Combat  Aircraft,  there  is  a  great  deal  of  ingenuity  being 
employed  to  produce  schemes  for  a  high  performance  primary  control  system  using  electrical  signalling 
and  feedback  control  but  with  a  mechanical  reversion  system  to  cater  for  certain  double  failure  oases. 
However,  in  a  great  deal  of  oases,  the  very  presence  of  the  mechanioal  reversion  system  degrades  the 
performance  of  the  primary  system  and  can  add  to  the  complexity  because  of  the  need  to  synchronise  the 
mechanical  reversion.  This  paper  discusses  some  of  the  problems  that  can  be  expected  in  some  of  the 
proposed  sohemes  and  compares  these  with  a  full  "fly-by-wire"  system  with  no  compromise  of  mechanioal 
reversion.  The  development  time-scale  is  also  included  as  a  major  constraint  in  the  ultimate  ohoice 
of  system  design.  Some  possibilities  of  future  developments  are  also  given  taking  advantage  of 
eleotrdoal  signalling  with  no  mechanioal  reversion. 

2  TYPICAL  CURR1KT  SYSTEM  DESIGNS 


Each  aircraft  designer  has  his  own  individual  ideas  of  flight  control  system  design  and  conse¬ 
quently  there  exists  today  a  whole  range  of  system  designs  but,  in  order  to  achieve  high  performance 
from  the  autopilot  and  to  achieve  good  autos tabiliaation  in  regions  in  the  flight  envelope  of  high 
control  sensitivity,  some  form  of  'electric  signalling'  has  been  introduced  as  the  primary  mode.  There 
follows  a  brief  description  of  six  main  types  of  flight  control  system  currently  in  use  or  being 
considered  in  project  designs  with  an  indication  of  the  problems  in  integrating  the  subsystems  and 
providing  mechanical  reversion.  As  an  example,  the  pitch  control  system  is  considered,  but  similar 
problems  exist  in  the  lateral  and  directional  controls. 

2.1  System  with  limited  authority  series  actuators  for  autostabilisation  and  full  authority  electrio 

operation  of  main  power  controls  for  autopilot  modes 

Fig.  2  shows  a  simplified  block  diagram  of  this  system.  The  main  subsystems  that  are  of  real 
importance  are:- 

(a)  Pilot's  mechanical  controls 
(b;  Artificial  feel  system 
(o)  Autos tabilisation  system 
id)  Autopilot  system 
(eJ  Air  Data  Computer  system 
(f)  Trim  system 

For  convenience,  the  discussion  of  the  system  operation  is  divided  into  two  parts  relating  to 
manual  oontrol  and  fully  automatic  control. 

2.1.1  Manual  oontrol 


The  artificial  feel  syrtem  is  programmed  by  signals  from  the  Air  Data  oomputer  in  order  to  achieve 
a  satisfactory  relationship  between  stick  foroe  and  aircraft  response  (for  instance  stick  foroe/g 
within  a  oertain  range).  The  oontrol  stiok  movements  per  unit  response  will  of  course  be  variable  and 
in  order  to  maintain  good  resolution  with  high  oontrol  sensitivity,  the  total  stick  travel  needs  to  be 
of  the  order  of  12  inches  -  this  being  determined  by  the  practical  resolution  of  meohanical  control 
runs.  Because  the  stability  of  the  aircraft  needs  augmenting  in  some  parts  of  the  flight  envelope,  an 
autostabiliser  system  is  incorporated  using  scrj.es  actuators  in  the  control  runs.  The  two  main  problems 
that  arise  are  firstly  the  meohanical  engineering  aspeot  of  ensuring  that  the  inpedance  of  the  meohani- 
oal  runs  ahead  of  the  aotuators  is  very  large  compared  with  that  part  downstream  including  the  valve 
foroes  of  the  main  power  controls.  In  order  to  overoome  this  difficulty,  various  means  have  been  used 
suoh  as  extra  servos  in  the  linkage  to  form  'irreversible'  points  or  two-stage  valves  to  reduce  friction 
and  Bemouilli  foroe  dTects.  The  second  problem  is  one  of  deciding  on  the  actual  value  of  the 
authority  limits.  If  the  transi  nt  and  steady  state  responses  are  changed  by  a  large  amount  by  the 
introduction  of  the  autostability  terms,  then  not  only  will  the  response  be  non-linear  with  amplitude, 
due  to  system  saturation,  but  also  the  artificial  feel  system  parameters  will  have  to  be  set  to  some 
compromise  value  between  the  two  cases  of  autostabiliser  on  and  off.  Quite  often,  the  limits  have  had 
to  be  varied  with  flight  conditions  (from  Air  Data  Computer)  in  order  to  have  sufficient  authority  at 
low  speed  while  maintaining  safety  at  high  speed.  Recently,  multiplex  or  duplicate  monitored  system 
have  bean  used  in  whioh  the  actuators  have  larger  authorities,  thus  reducing  these  integration  problems. 
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However  the  mechanical  system  still  limits  the  overall  performance  and  to  a  certain  extent  the  whole 
suffers  from  the  worst  features  of  both  mechanical  and  complex  redundant  electronic  systems.  It  has 
been  suggested  in  one  recent  application  that  a  self-adaptive  multiplex  autostabiliser  system  tends 
to  adapt  against  the  effects  of  the  feei  forward  control  term  given  by  the  mechanical  control  run 
rather  than  to  the  changing  dynamic  characteristics  of  the  aircraft. 

2.1.2  Autopilot  control 

In  this  design,  the  autopilot  is  integrated  with  the  basic  flying  control  system  through  the  main 
power  controls.  In  the  autopilot  mode,  the  mechanical  feedback  is  replaced  by  an  electrical  feedback 
and  the  small  autostabiliser  actuator  controls  the  main  valve.  In  principle,  full  authori ty  is  avail¬ 
able  but  in  practice  the  mechanical  pilot’s  linkage  is  fixed  to  the  output  of  the  power  control  and 
drives  the  pilot's  controls  and  artificial  feel  system.  This  latter  enables  an  authority  limit  to  be 
placed  on  the  autopilot  corresponding  to  a  given  level  of  artificial  feel  force.  Thus,  if  a  constant 

stick  force/g  was  designed  into  the  feel  system,  then  the  autopilot  limitation  would  be  satisfactory. 

In  fact  this  facility  is  one  of  the  main  design  constraints  on  the  feel  system  scheduling  and  it  has 
not  always  been  possible  to  achieve  satisfactory  autopilot  limitation  by  this  means  and  some  extra 
response  monitoring  (using  normal  acceleration,  pitch  rate  and  incidence)  is  then  employed. 

The  performance  of  the  autopilot  is  capable  of  being  set  to  a  high  value  since  the  servo  arrange¬ 
ment  has  high  resolution  and  good  frequency  response.  In  fact  in  one  project  design,  a  high  gain  pitch 

rate  demand  'inner  loop'  control  system  was  used  to  obtain  very  high  performance  terrain  following. 

A  further  benefit  of  the  manoeuvre  demand  system  is  a  simpler  manoeuvre  limitation  arrangement. 

2.2  System  using  electric  signalling  of  powered  controls  with  mechanical  standby 

2.2.1  Manual  control 


Fig.  3  shows  a  simplified  diagram  of  the  system.  The  primary  eleotric  system  allows  the  integra¬ 
tion  of  the  autos tabilisation  without  the  mechanical  engineering  problems  of  the  system  described  above 
in  section  2.1.  However,  the  authority  of  the  autostabiliser  is  limited  in  this  design  by  the  amount 
of  allowable  'lost  motion'  in  the  mechanical  circuit.  The  artificial  feel  system  still  has  to  provide 
the  main  contribution  to  meet  the  requirement  of  stick  forcq/g  and  so  the  problems  of  non-linear 
response  due  to  automatic  control  saturation  are  again  present  and  will  limit  the  allowable  amount  of 
feedback  control.  Also  the  artificial  feel  system  is  still  complex  and  a  good  mechanical  control  run 
is  still  required  as  a  reversionaiy  mode. 

2.2.2  Autopilot  control 

In  this  system,  the  autopilot  is  not  integrated  into  the  primary  flying  controls  and  in  fact 
requires  a  separate  elec tro-hydraulic  actuator  close  to  the  feel  system  to  drive  the  stick  and  hence 
(through  the  electrical  signalling  system)  the  control  surfaces.  If  the  integrity  required  of  the 
autopilot  is  an  order  or  more  below  that  of  the  primary  flying  controls,  then  it  is  logical  to  retain 
this  complete  separation,  but  the  penally  is  paid  in  performance  and  in  the  added  complexity  of  having 
the  extra  servos.  Furthermore  if  automatic  landing  or  terrain  following,  etc.,  of  high  integrity  and 
reliability  is  required,  then  these  extra  actuators  need  to  be  of  a  redundant  form  and  in  practice 
involves  an  inordinate  increase  in  components  in  the  overall  system.  The  operational  advantages  claimed 
are  twofold:  the  feel  system  allows  torque  limiting  to  be  used  thus  limiting  the  manoeuvring  authority 
of  the  autopilot  and  the  stick  follows  autopilot  demands  (which  is  a  current  requirement  in  some  ai r- 
craft  types).  However,  the  former  point  is  debatable  since  there  remains  the  difficulty  of  providing  a 
feel  system  giving  constant  stick  force/g  and  the  latter  requirement  may  well  be  relaxed  in  the  future 
since  it  is  not  necessarily  the  only  way  to  achieve  the  real  aim  of  smooth  and  safe  transition  from 
autopilot  to  manual  control.  The  automatic  trim  system  is  in  operation  during  autopilot  operation  in 
order  that  the  manual  reversion  is  made  in  the  safest  way  but  involves  the  addition  of  another  sub¬ 
systems  which,  in  the  case  of  a  'failure  survival'  autopilot  also  has  to  have  redundancy  in  order  not 
to  reduce  the  system  integrity  if  manual  reversion  is  to  be  considered  in  a  critical  flight  condition. 

2.3  System  with  larger  authority  multiple  series  actuators 

(Fig.  4  refers) 

2.3.1  Manual  control 

The  primary  control  depends  upon  a  multiplex  manoeuvre  demand  or  "command  augmentation"  system 
operating  through  a  triplex  actuator  system  giving  a  single  failure  survival  capability.  The  control 
law  for  a  high  performance  aircraft  is  based  on  pitch  rate  and  normal  acceleration  feedback  and  a 
simple  feel  system  only  is  available  and  so  devices  such  as  bob  weights  are  required  to  give  some 
partial  mechanical  feedback  of  normal  acceleration.  A  series  trim  is  required  to  synchronise  the 
mechanical  reversion.  Even  allowing  for  these  mechanical  devices,  the  flight  envelope  is  still  usually 
limited  for  which  acceptable  handling  qualities  are  obtained  using  the  reversion  system.  Another 
variation  of  this  system  is  to  employ  a  conventional  programed  artificial  feel  system  and  stiok  foroe 
sensors  to  provide  the  electrical  command  signals.  Such  a  system  has  better  reversionary  characteris¬ 
tics  and  will  be  discussed  in  para  2.4  below. 

2.3.2  Autopilot  control 

With  this  type  of  primary  control  system  it  is  possible  to  have  two  autopilot  configurations.  One 
type  would  use  parallel  actuators  driving  the  pilot's  stick  and  hence  operate  through  the  manoeuvre 
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demand  aystem,  (Thl*  ayatem  ia  ahoim  in  Fig.  3).  Another  method,  wliioh  at  firat  eight  appeara  to  be 
a  more  integrated  aolution,  ia  to  feed  the  autopilot  demand  directly  into  the  multiplex  manoeuvre 
demand  ayatem.  However,  due  to  the  large  authority  required  if  the  autopilot  ia  required  to  be  in 
operation  during  tranaition  from  high  level  auperaonic  apeeda  to  low  level  aubaonic  apeeda,  a  alow 
acting  aeriea  trim  actuator  ia  neoeaaary  thua  allowing  the  multiplex  actuatora  to  operate  within  their 
limited  authority. 

In  both  arrangementa,  the  autopilot  deaign  ia  aimpler  than  in  the  former  arrangementa  ainoe  the 
manoeuvre  demand  ayatem  providea  a  high  degree  of  autoatabiliaation  againat  turbulenoe  and  the  flight 
path  oontrcl  terma  provided  by  the  guidanoe  ayatem  are  more  atraightforward.  Alao  the  aafety  of  the 
atructure  can  be  aaaured  by  manoeuvre  demand  limitation  thua  overcoming  the  problema  in  the  previoua 
ayatema  or  providing  aocurate  feel  ayatem  open-loop  programming. 

2.4  Multiplex  Manoeuvre  Demand  Syatem  (Serlea  Actuatora)  with  Meohanical  Reversion 

Pigure  5(a)  showa  the  main  featurea  of  the  ayatem.  Beoauae  the  electrio  signal  from  the  atick 
force  sensor  tenda  to  zero  in  the  a  tick  trimmed  condition,  the  aurfaoe  position  to  trim  haa  to  be 
provided  either  by  the  mechanical  input  or  an  integrator  in  the  controller  C(a).  The  latter  aoheoa, 
although  giving  optimum  performance,  haa  two  disadvantages  in  practice.  Firstly  the  triplex  aotuator 
authority  would  need  t<.  he  large  or  an  autotrim  syatem  will  need  to  be  enployed  using  a  logio  aystem 
auoh  that  the  trimming  only  occurs  when  the  atiok  force  is  zero  thus  preventing  the  trim  system 
operating  during  manoeuvres.  Secondly  the  reversion  to  mechanical  would  oause  a  large  transient  due  to 
the  laok  of  synchronisation  of  trim  and  again  the  autotrim  would  be  neoessaiy.  If  the  feel  system  has 
suitable  programming  from  the  Air  Data  Conputer  (A.D.C.)  and  wing  sweep  (if  appropriate)  then  the 
steady  manoeuvre  characteristics  of  the  mechanical  reversion  would  probably  be  acceptable  over  a  large 
part  of  the  flight  envelope  although  the  transient  responses  to  the  steady  state  may  not  be  good  with¬ 
out  the  command  augmentation  ayatem,  Thua  the  compatibility  of  the  primary  C.A.S.  and  meohanical 
reversion  can  be  achieved  by  the  use  of  aeries  actuators,  programmed  feel  and  auto  trim.  However,  the 
aeries  actuator  and  hence  primary  electric  oontrol  syatem  relies  on  the  meohanical  control  aystem 
having  ideal  characteristics  such  as  no  backlash,  low  valve  forces,  eto. 

2.5  Multiplex  Manoeuvre  Demand  System  (Series  Actuators  with  electrical  feedbaok  fnom  main  P.F.C.'s) 

with  Meohanical  Reversion 


Pig.  5(b)  gives  the  essentials  of  the  scheme  which  only  differs  from  -that  in  2.4  above  by  including 
an  electrical  feedback  from  the  main  jack  and  including  the  movements  of  the  mechanioal  command  and 
mechanical  P.F.C.  feedback  in  the  first  stage  actuator  feedback  measurement.  Another  important  feature 
is  the  stick  position  piokoff  which  includes  illicitly  a  stiok  trim  position  signal.  The  principle  of 
this  scheme  (proposed  by  B.A.C.)  is  to  synchronise  the  Manoeuvre  Demand  System  with  the  Mechanioal 
Reversion  and  ao  the  multiplex  first  stage  actuator  should  tend  to  reoentre  in  the  steady  1g  flight 
case.  One  important  advantage  of  this  form  of  synchronisation  is  that  no  clutch  is  required  to  re¬ 
engage  the  mechanical  reversion  whioh  is  at  all  times  connected  thus  increasing  the  integrity  of  thw 
reversion.  The  first  stage  aotuators,  however,  do  need  a  self  centring  devioe  when  not  energised. 

Also,  as  in  2.4  above,  the  primary  system  performance  is  conditional  upon  good  characteristics  of  the 
meohanical  aystem  otherwise  feedback  of  foroes  to  the  pilot's  control  column  and  stick  sensors  will 
occur. 

2.6  Multiplex  Manoeuvre  Demand  System  with  Clutched  Mechanical  Reversion 

Pig.  5(o)  shows  the  main  features  of  this  scheme.  In  order  to  eliminate  the  need  for  a  sophisti¬ 
cated  form  of  clutoh  and  disengage  mechanism  of  the  mechanical  controls  on  the  P.F.C. ,  in  order  to 
accommodate  a  large  trim  disparity  between  the  eleotrical  signalling  and  mechanical  systems,  two 
eleotrical  inputs  are  employed.  The  first  is  the  stick  position  relative  to  trim  and  the  second  is  a 
trim  position  signal.  This  Bcheme  still  requires  the  disconnect  mechanism  to  have  a  fairly  large 
authority  to  accommodate  the  Manoeuvre  Demand  Control  demands  relative  to  the  mechanical  system  demands 
but,  in  1g  flight,  the  error  should  tend  to  zero.  It  would  be  possible  to  add  an  autorim  feature  if  it 
was  considered  desirable  as  in  2.4  above.  The  main  advantage  of  the  olutched  scheme  is  that  in  the 
primary  mode,  the  mechanical  control  aystem  characteristics  do  not  degrade  performance,  but  of  oourse 
the  clutoh  mechanism  must  be  designei  to  have  high  integrity. 

3.  AN  I  NT  EC  RATED  MANOEUVRE  DEMAND  SYSTEM  DESIGN 


This  system  is  one  in  which  full  reliance  is  placed  upon  the  primary  electronic  oontrols  ('fly-by- 
wire')  and  the  system  employs  fourfold  redundancy  to  aohieve  the  neoessary  reliability  for  the  oomplete 
flight  time  (double  failure  survival  capability). 

3.1  Manual  oontrol 


The  pilot's  controller  oan  be  either  a  conventional  stick  or  a  small  side  controller  since  no 
mechanical  reversion  considerations  are  required.  Quadruplex  position  transducers  feed  signals  to  fourf 
'lane  paoks'  of  eleotronios.  These  are  separated  by  tiie  maximum  distance  possible,  commensurate  with 
installation  difficulties,  in  order  to  maintain  the  highest  integrity  to  common  failure  hazards.  The 
final  outputs  from  the  electronic  units  drive  the  quadruplex  eleotro-hydraulic  aotuator  units.  The  out¬ 
put  of  these  are  in  the  form  of  a  single  fail-safe  consolidated  mechanical  displacements  whioh  in  turn 
controls  the  position  of  tandem  main  power  controls  with  local  meohanical  feedback.  The  rate  gyro  and 
aocelerometer  terms  are  obtained  from  four  of  each  unit  feeding  into  the  electronic  units  providing  some 
particular  manoeuvre  demand  oontrol  law.  The  feel  system  consists  of  a  fixed  spring  system  and,  dependr 
ing  on  the  oontrol  law,  a  trim  input  may  be  neoessary  in  the  form  of  a  datum  shift  of  the  input 


piok-offs.  Gain  scheduling  may  woll  be  required  to  achieve  stability  and  response  requirements  over 
the  flight  onvolope  and  in  Fig.  6  these  are  shown  as  being  derived  from  Air  Data  sources.  There  is 
a  problem  of  providing  the  gain  scheduling  to  a  standard  of  integrity  as  high  as  the  basio  signal 
chains.  As  drawn,  a  simple  logio  system  takes  the  lower  of  the  two  from  two  s  elf  monitored  Air  Data 
Computers  thus  providing  a  single  failure  survival  capability  with  a  standby  fixed  gain  for  the  seoond 
A.D.C.  failure  case.  The  performance  with  a  standby  fixed  gain  would  not  be  optimum,  but  due  to  the 
basio  use  of  feedback,  the  performance  would  be  acceptable.  With  this  failure  condition,  a  good  deal 
of  the  flight  instrument  and  navigation  systems  would  be  also  in  reversionary  modes  and  the  aircraft 
mission  may  need  to  be  curtailed  for  other  reasons.  A  simple  form  of  self-adaptive  gain  changing 
system  may  be  preferable  from  the  performance  point  of  view  and  would  allow  the  system  to  operate 
without  interfaoe  with  any  external  system  such  as  an  Air  Data  computer.  This  argument  applies  for 
simple  self-adaptivo  designs  in  which  redundanoy  can  be  applied  easily. 


The  level  of  integrity  of  the  autopilot  oan  be  chosen  freely  with  this  basic  system.  A  full 
redundant  autoland  system  ror  scheduled  operation  would  be  the  ultimate  goal  ana  this  13  compatible 
with  this  system.  Fig.  4  shows  a  duplicate  monitored  autopilot  arrangement  (single  failure  survival), 
but  this  could  be  extended  to  the  3ai.'e  fourfold  system  as  the  primary  manual  system.  All  the  points 
of  criticism  in  the  previous  system  designs  are  met  since  full  authority  is  available  and  manoeuvre 
demand  limitation  is  provided  per  se. 

4.  PKRFORVANCE  CONSIDERATIONS  OF  AUTOMATIC  FLIGHT  CONTRCL  SYSTEMS 

Experlenoe  with  manoeuvre  demand  control  has  been  limited  to  experimental  programmes  3uch  as  the 

I  15  in  U.S.  and  the  Avro  707o  in  U.K.  The  flight  proving  of  the  F  111  is  also  relevant  3inct  a  fairly 

large  authority  'Command  Augmentation  System'  is  fitted  which  gives,  within  limits,  a  constant  response 
throughout  the  flight  envelope  to  pilot's  commands.  The  actual  response  parameter  tha^  is  used  is  one 
that  seems  very  popular  in  the  U.S.  at  the  moment  and  is  based  on  some  work  by  Boeings  .  This  para¬ 
meter,  laballed  C*,  is  a  blend  of  normal  acceleration  at  the  pilot's  station  and  pitoh  rater¬ 

s'  =  .Jl  6  +  [n  -  1 J  +  l  '& 
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where  n  =  normal  acceleration  of  og  measures  in  units  of  g, 

V0  =  'Cross-over  velocity'  where  the  6  and  (n-l)  contributions  to  C*  are  equal  and 
^  =  distance  of  pilot  ahead  of  og 

Refs.  1  and  2  disouss  various  aspects  of  this  criterion  and  Ref.  3  shows  another  method  of  achiev¬ 
ing  the  'steady  state'  requirement  as  a  compromise  between  the  high  speed  manoeuvring  requirement  of 
constant  stick  force  per  g  and  a  suitable  low  speed  characteristic.  Another  area  that  has  received 
recent  attention  is  the  use  of  a  prefilter  between  the  pilot's  commands  and  the  basic  feedback  loop. 

A  phase  lead  filter  oan  be  used  to  partially  oancel  the  effect  of  a  low  value  of  lift  slope  and  high 
wing  loading  and  30  improve  the  response  in  normal  acceleration  to  pilot's  commands  without  affocting 
the  good  ride  qualities  of  such  an  aerodynamic  configuration  in  vertical  turbulence.  Figs.  7a,  b,  c 
show  at  three  extreme  flight  conditions,  an  aircraft  longitudinal  response  to  a  step  stick  command  with 
the  system  of  Fig.  5(a).  The  parameter  plotted  is  where  the  'cross-over  velocity'  Vc  equals 

400  ft/sea.  It  is  dear  from  these  figures  that  the  use  of  a  prefilter  is  a  powerful  method  of  improv¬ 
ing  the  response  and  the  very  difficult  case  in  Fig,  6c  (where  the  dimensional  value  of  I*,  is  as  low  as 

0.16  3eo_1)  could  be  met  if  necessary  by  the  rather  extreme  filter  (l  +  6s)/(l  +  o). 

Two  main  criticisms  have  been  maile  of  the  general  handling  qualities  of  pitch  rate/normal  accelera¬ 
tion  longitudinal  manoeuvre  demand  systems.  The  first  is  the  new  piloting  technique  required  beoause 
of  the  neutral  'speed  stability'.  That  is  for  any  change  of  speed  from  a  trimmed  condition,  the  atti¬ 
tude  is  held  constant  with  the  stick  force  zero  and  so  the  aircraft  would  not  return  to  the  original 
trimmed  speed.  It  i3  interesting  to  note  that  in  Ref,  2  a  conclusion  was  reached  that  'near-zero  stick 
foroe  per  V  was  found  acceptable  by  pilots'  whereas  in  Ref,  4,  the  X  15  team  of  pilots  did  not  like 
this  oharact  eras  tie  and  in  fact,  for  landing,  an  artificial  nose  down  out  of  trim  was  introduced  so 
that  the  pilot  was  required  to  provide  a  steadily  increasing  backward  stick  movement  during  the  landing 
flare.  In  the  Avro  707o,  there  was  a  spread  of  pilot  opinion  on  this  characteristic  and  most  pilots 
felt  that  the  advantages  of  the  trimming  effect  of  the  system  outweighed  the  neutral  stick  stability. 

The  seoond  oriticism  of  a  manoeuvre  demand  control  system  is  that  the  position  of  the  aerodynamio 
controls  is  not  directly  related  to  the  position  of  the  cockpit  controls^.  For  instance,  in  a  cross 
wind  landing,  the  pilot's  lateral  control  would  be  nearly  central  and  yet  9$  or  more  aileron  deflec¬ 
tion  approach  oould  be  applied  to  counteract  a  steady  sideslip.  Another  example  would  be  the  approach 
to  a  stall  where  the  system  would  counteract  any  pitching  moments  until  the  control  limits  were  reached 
thus  causing  a  precipitous  stall  characteristic.  However,  it  is  quite  simple  to  provide  a  visible  and/ 
or  audible  warning  when  a  oertain  proportion  of  control  authority  is  applied.  Current  designs  of  stall 
warning  and  'stick  pusher'  systems  are  based  on  similar  principles. 

In  order  to  satisfy  more  than  one  performance  criteria,  more  than  one  control  loop  is  required. 

For  instanoe,  by  feeding  back  some  functions  of  roll  rate  to  the  ailerons  and  a  function  of  yaw  rate  to 
the  rudder,  the  two  criteria  of  rolling  response  and  dutoh  roll  dashing  oan  be  met.  This  particular 
problem  of  optimising  the  lateral  control  system  shows  some  typioal  properties  of  multiloop  systems. 

In  particular,  the  numerator  or  'zeros'  of  the  basio  aircraft  transfer  functions  (suoh  as  r/G  oan  be 
modified  thus  controlling  the  transient  response  characteristics  as  well  as  the  stability.  Another 
well  known  multiloop  system  is  the  combination  of  elevator  and  throttle  control  to  produce  a 
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satisfactory  height  hold  autopilot  below  minimum  drag  speeds.  Recent  work  has  shown  that,  by  suitable 
design  of  a  multiloop  system,  the  addition  of  a  direct  lift  control  to  elevator  control  can  produce 
more  nearly  ideal  flight  path  response. 

The  blending  of  the  various  feedbaok  loops  is  another  advantage  given  by  a  full  electrical  signal¬ 
ling  system, 

5.  COMPARISON  AND  DISCUSSION  0?  THE  VARIOUS  SYSTEMS 


The  main  difference  between  current  systems  and  an  integrated  manoeuvre  demand  system  is  that  the 
former  oonsists  of  a  set  of  differing  subsystems  with  many  interface  areas,  whereas  the  latter  consists 
of  a  simpler  set  of  identical  units  operating  in  a  parallel  redundant  signal  chain.  T  .o  comparison  can 
be  made  under  the  four  headings  of  performance,  safety,  reliability  and  integrity,  and  serviceability. 

5.1  Performance 


In  manual  flying,  a  manoeuvre  demand  system  has  many  advantages  over  a  conventional  one  and  these 
all  lead  to  a  reduced  pilot  irorkload.  Some  of  the  operational  aspects  are  discussed  in  section  4. 

For  instanoe,  instrument  flying  should  be  made  easier  since  a  highly  stable  aircraft  is  obtained 
throughout  the  flight  envelope  at  the  same  time  as  providing  the  optimum  response  characteristics. 

The  higher  frequency  'anticipatory'  terms  could  be  eliminated  from  the  director  displays  thus  simplify¬ 
ing  the  computing  and  reducing  noise  on  the  display.  A  particular  example  of  a  director  mode  is  a 
take-off  law.  With  present  control  systems  the  rotation  of  a  delta  airoraft  with  trailing  edge  flap 
controls  requires  a  complex  pilot  control  action  to  lift  the  nose  wheel,  rotate  and  flare  into  the 
olimb-out  flight  path  and  a  pitoh  rate  to  speed  and  acceleration  oontrol  law  is  being  used.  If  a  pitoh 
rate  demand  system  is  employed  as  the  basic  manual  control,  then  the  required  control  action  will  be 
simply  related  to  the  desired  pitch  rate  demanded  on  the  director  display  -  thus  reducing  considerably 
pilot  workload. 

It  has  been  suggested  that  manoeuvre  demand  systems  are  not  wanted  beuause  a  constant  response  is 
not  required  over  the  flight  envelope  but  that  different  responses  are  required.  However,  by  use  of 
built-in  highly  reliable  feedbaok  control,  the  desired  model  response  at  each  flight  condition  is  more 
likely  to  be  achieved.  Current  hybrid  systems  employing  limited  authority  electrical  systems  have 
reduced  performance  with  subsystem  failure.  This  reduction  in  performance  at  best  involves  a  minimum 
exploitation  of  feedback  control  techniques  and  at  worst  can  cause  serious  flight  limitations  after 
certain  single  failures  and  certainly  after  double  failures.  Recently,  schemes  providing  single 
failure  survival  manoeuvre  demand  with  mechanical  reversion  (such  as  in  paras.  2.5  and  2.6  above)  have 
been  evolved  which  give  a  useful  reversionary  mode  by  employing  conventional  programmed  feel.  These 
schemes  are  attractive  if  the  feedback  terms  oan  be  lost  without  producing  unacceptable  handling 
qualities  and  the  timescale  of  the  programme  of  development  means  the  use  of  current  "on-the-shelf" 
hardware.  However  a  quadruplax  system  is  designed  to  attain  the  desired  performance  after  two  failures 
and  so  is  superior  although  the  development  of  such  a  system  is  not  yet  complete.  Programmes  in  the 
U.K.  and  in  the  U.S.  are  progressing  along  similar  lines  to  develop  quadruplex  double  failure  survival 
systems. 

5.2  Safety 

The  safety  requirements  of  a  flight  oontrol  system  are  designed  to  prevent  overstressing  of  the 
whole  aircraft  or  any  part  of  the  airframe  as  the  result  of  inadvertent  pilot  action  or  a3  a  result  of 
failures  in  the  control  system  itself.  In  most  current  designs,  the  artificial  feel  system  provides 
this  basic  structural  safety  both  in  manual  and  autopilot  modes  of  control.  However,  this  is  only 
possible  if  the  open  loop  scheduling  of  the  feel  force  gradient  exactly  compensates  for  the  aerodynamio 
and  inertial  changes  of  the  airoraft  throughout  the  flight  to  produce  a  constant  longitudinal  stick 
foroe/g  and  constant  lateral  stick  force/roll  rate.  A  manoeuvre  demand  system  provides  this  constant 
response  to  stick  force  and  Btick  movement  and  so  ensures  the  basic  structural  safety  in  the  moat 
satisfactory  way. 

The  protection  against  failures  in  a  system  using  similar  redundancy  is  obtained  by  some  majority 

voting  technique  and  the  flight  path  disturbance  is  minimised.  With  a  response  monitor,  such  as  the 
use  of  the  artificial  feel  system  to  limit  excess  nonnal  acceleration,  relatively  large  flight  path 
deviations  are  possible  after  system  failure  and,  although  structural  safety  is  assured,  these  devia¬ 
tions  are  not  acoeptable  at  low  altitude.  In  this  latter  case  a  'fail-soft'  system  oan  only  be 
obtained  by  the  use  of  fairly  close  tolerance  monitoring  afforded  by  multiplex  or  multiplicated  systems 
using  similar  redundancy. 

5.3  Reliability  and  integrity 

One  of  the  great  problems  in  current  systems  is  to  establish  the  basic  integrity  since  the 
analysis  of  failure  modes  and  their  oonsequences  involves  a  study  of  many  different  subsystems  and  the 
interface  areas.  In  praotioe  the  interface  between  systems  is  very  complex:  for  instance  the  Air 
Data  Computer  supplies  more  than  one  signal  to  the  feel  system,  autostabiliser,  autopilot,  autc- 
throttle  and  auto  trim.  Also  the  performance  of  the  overall  system  deteriorates  to  a  lower  level  after 
subsystem  failures  and  it  is  sometimes  very  difficult  to  establish  whether  the  aircraft  system  is  then 
'unsatisfactory'  or  'unacceptable'  and  the  probabilities  of  these  failures  have  to  be  related  to  the 
risks  oroduced.  This  prooess  has  reached  a  very  difficult  point  in  some  current  designs  since  it  is 
sometimes  very  difficult  to  put  numbers  to  the  loss  in  performance  after  subsystem  failure.  For  this 
Phaser  a  tysUm  using  similar  redundancy  thrtugheut  with  double  failure  survival  c»  lability  is 
superior  in  that  the  performance  is  always  very  dose  to  the  desired  value  and  the  integrity  study  is 


then  a  simpler  task  of  fault  analysis. 

One  basic  problem  that  appears  in  multiple  systems  is  that  of  'miisnnoo'  disconnects  if  tho  system 
beoooes  too  complex  and  when  not  enough  attention  is  given  to  oomponont  tolerances.  A  oertain  amount 
of  relaxation  from  the  optimum  performnnoo  may  troll  produce  a  valuable  reduction  in  the  probability  of 
an  inoorreot  failure  indication  (which  must  be  considered  as  a  genuine  failure  when  integrity  studies 
are  performed). 

The  aotual  reliability  targets  now  boing  aimed  for  (failure  probabilities  in  the  region  of  10“f 
per  hour)  are  so  severe  that  it  is  impossible  to  prove  tlrnt  such  a  figure  has  been  reaohed  to  any 
reasonable  level  of  confidence  unless  a  statistical  method  is  usod  in  conjunction  with  redundant  signal 
ohains. 

5. L  Serviceability 

In  order  to  achieve  system  separation  in  the  current  designs,  the  number  of  components  and  inter- 
system  wiring  has  increased  to  an  alannir.g  level  whereas  in  an  integrated  sy  tern,  a  single  component 
or  signal  chain  would  suffice.  In  one  design,  tho  number  of  lateral  stick  position  transducers  has 
reaohed  the  grant  total  of  1 6  with  a  possibility  of  even  more  being  added  later.  This  large  number  is 
due  to  the  design  being  based  on  a  number  of  subsystems  (in  this  case  a  mechanical  signalling  system, 
duplioate  eleotric  signalling  system  and  a  limited  authority  autcstabiliser  with  a  'manoeuvre  boost' 
system)  whereas  if  a  quadruplex  manoeuvre  demand  system  were  employed  only  U  or  at  the  most  8  position 
transducers  would  be  required.  The  servicing  implications  of  this  increase  in  numbers  of  components 
is  obvious  and  the  pre^flight  check-outs  are  becoming  difficult,  making  it  difficult  to  attain  quick 
turn-round  times. 

In  general,  the  more  the  flight  control  system  is  integrated,  the  less  difficult  becomes  the 
servicing  problem  and  if  similar  redundancy  is  usod  to  achieve  the  desireu  reliability,  then  inter- 
lane  comparison  oan  be  usod  as  a  moans  of  system  check-out.  A  new  approach  to  maintenance  may  be 
possible  which  may  lead  to  a  reduction  in  the  amount  of  pre-flight  testing  required.  If  the  errors 
between  the  signalling  lanes  are  recorded  for  each  flight  in  the  form  of  percentage  times  of  the  total 
flight  that  the  errors  have  exceeded  certain  values,  then  a  histogram  presentation  will  show  if  any 
lane  has  deteriorated  to  the  extent  that  the  prcbabiliiy  of  a  fault  warning  will  be  greater  tl.an  the 
desired  value  (or  the  order  of  10” 3  per  hour  in  a  quadruplex  system).  From  the  cumulative  probability 
tables  for  normal  distributions,  10“3  probability  corresponds  to  a  3.3  c  error,  where  a  is  the  standard 
deviation  and  if  the  a,  2.6  <T  and  3  <T  error  thresholds  are  chesen  for  the  'maintenance  record',  then 
J.Jffoould  be  chosen  as  the  fault  detection  threshold.  The  a  and  2 .6  O'  probebili  ties  are  approximately 
3.3  x  10“ 1  and  10"2  and  so  should  provide  statistically  significant  information  during  a  normal  flight 
of  3  hours  to  prediot  with  confidence  the  system  behaviour  on  the  following  flight.  With  this  mainten¬ 
ance  recording  procedure,  the  only  oheoks  before  each  flight  that  would  be  neoessniy  would  be  the 
operation  of  the  fault  detection  and  correction  logic.  There  would  obviously  still  be  a  need  to  chec). 
absolute  system  performance  on  the  ground  periodically  at  'first  line'  level  at  200-500  hours  interval 
to  establish  that  no  common  deterioration  had  taken  place. 

In  systems  employing  dissimilar  redundancy  in  the  form  of  a  number  of  sutsys  terns,  all  different, 
this  maintenance  recording  technique  would  not  always  be  possible  and  in  fact  this  prcblem  is  reflected 
in  the  current  search  for  the  application  of  maintenance  recordirg  data  because  of  the  difficulty  in 
current  systems  of  finding  suitable  performance  criteria. 

6.  FUTURE  POSSIBILITIES 


The  final  acceptance  of  electrical  signalling  with  no  mechanical  reversion  will  lead  to  r.ew 
developments.  The  following  developments  would  be  possible  and  the  advantages  gained  would  finally 
justify  the  development  programme  in  eleotrioal  signalling. 

(a)  ^The  overall  aircraft  design  could  be  optimised  talcing  into  account  the  feedback  control  terms 
and  lead  to  higher  perfonr.ai.ee.  Trim  drag,  drag  due  to  excessive  fin  size,  etc  could  be  reduced  at 
the  expense  of  basic  stability  and  control  characteristics. 

(b)  Following  the  work  desoribed  in  Ref.  7»  the  structural  weight  may  be  reduced  and  the  neces¬ 
sary  atruotural  mode  stability  could  be  achieved  by  the  use  of  feedback  terms  and  also  tho  fatigue  life 
oould  be  improved, 

(o)  The  cookpit  layout  could  be  considerably  inpreved  by  the  use  of  a  miniature  controller 
instead  of  a  conventional  stick.  This  controller  al30  would  allow  more  accurate  flying  in  turbulence 
if  the  hand  is  properly  supported  as  in  that  described  in  Ref.  6.  The  design  of  miniature  controller 
is  closely  tied  to  the  Manoeuvre  Demand  control  law  which  determines  the  stability  and  response  charac¬ 
teristics  of  the  aircraft/oontrol  system  combination. 

(d)  New  multiloop  control  systems  involving  conventional  elevators  and  ailerons,  direct  lift, 
jet  reaotion,  etc  oan  be  fully  exploited  and  the  correct  blending  of  these  control  outputs  oan  be 
achieved  together  with  the  necessary  feedback  terms.  The  actual  control  surfaoe  and  reaction  control 
configuration  oan  be  optimised  taking  into  account  the  automatic  control  requirements. 

7.  CONCLUSIONS 

(a)  More  relianoe  is  being  placed  on  electronic  control  systems  in  current  aircraft  designs,  but 
the  full  performance  advantages  of  feedbaok  oontrol  cannot  be  realised  in  most  current  designs  sinoe 
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the  overall  control  system  performance  must  not  be  degraded  to  an  unacceptable  level  by  the  loss  of 
ono  subsystem. 

(b)  Although  systems  are  advooated  with  meohanical  reversion  for  reasons  of  integrity,  the 
problems  of  synchronising  the  mechanical  and  electrical  systems  oan  oaus©  a  significant  inorease  in 
overall  complexity  and  loss  of  integrity.  Suoh  systems  are  diffioult  to  analyse  from  the  safety  point 
of  view  since  the  performance  deterioration  associated  with  a  reversionary  mode  must  be  related  to  the 
failure  probabilities  and  with  current  desigris  this  process  is  becoming  extremely  oonplex  and  the 
chances  of  overlooking  critical  failure  modes  is  becoming  higher. 

(c)  The  added  complexity  of  subsystem  separation  is  causing  a  large  inorease  in  maintenance 
requirements.  In  particular,  pre-flight  oheok-outs  are  becoming  extremely  involved. 

(d)  The  use  of  integrated  manoeuvre  demand  system  using  similar  redundancy  is  a  powerful  way  of 
overcoming  many  of  the  design  problems  in  current  systems  suoh  as  are  described  above. 

(e)  Serious  consideration  should  be  given  to  the  use  of  feedback  control  in  the  early  design 
stages  of  aircraft  in  order  to  lead  to  an  optimum  flight  control  system  design.  A  oareful  study  of 
basic  aerodynamic  characteristics  such  as  static  margin  and  directional  stability  should  take  aooount 
of  the  current  auto-control  'state-of-the-art1 .  Also,  the  oontrol  aurfeoe  configuration  and  oontrol 
powers  should  be  related  to  the  use  of  autocontrol  systems. 

(f)  By  seriously  considering  electrical  signalling  with  no  mechanioal  reversion  in  new  projeot 
designs,  it  should  he  possible  to  optimise  the  overall  aircraft  design  to  give  good  performance  and  to 
use  feedback  techniques  to  satisfy  the  handling  qualities  and  structural  stability  requirements. 

(g)  Work  should  continue  on  the  two  fronts:-  to  establish  handling  requirements  of  aircraft 
including  autocontrol  characteristics  and  to  continue  a  programme  to  improve  automatic  oontrol 
technology  for  aircraft  application. 
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Fig.  2  System  Using  Limited  Authority  Series  Servos  for  Autostabilisation  and  Kleotrioal 
Operation  of  Main  P.F,Cfs  for  Autopilot* 


g.  3  System  Using  Electric  Signalling  of  Main  P.F.C's  with  Mechanical  Standby, 


System  with  Larger  Authority  Multiple  Series  Actuators  giving  "Command  Augmentation1 
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— n  mechanical  circuit 
yfr-  TRIPLEX  ELECTRICAL  CIRCUIT 


MAIN  TRIM 


Fig.  6(a)  Multiplex  Command  Augmentation  System  (Series  Actuators)  with  Mechanical  Reversion. 


Multiplex  Manoeuvre  Demand  System  (Series  Actuators  with  electrioal  feedback  from  main 
P.R.C's)  with  Meohanical  Reversion. 


Fig. b[c)  Multiplex  Manoeuvre  Demand  System  with  Clutched  Mechanical  Reversion. 
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Fig.  6  Integrated  Manoeuvre  Demand  System  -  No  Meohanical  Reversion. 
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THE  INTERFACE  OF  MAINTAINABILITY,  RELIABILITY,  AND 
ASSOCIATED  DISCIPLINES  IN  AIRCRAFT  DESIGN 


The  specification  of  the  Model  02U,  the  original  Corsair  for  the  United  States  Navy,  pro¬ 
vides  some  interesting  reading.  I  quote  from  the  section  on  accessibility. 

"All  parts  of  the  Corsair  are  designed  and  arranged  to  permit  easy  access  for  lubrication, 
adjustment  or  repair.  Cowling  throughout  is  provided  with  ample-sized  access  doors  wherever 
needed  and  fuselage  under  pan  is  quickly  removable  for  inspection  and  adjustment  of  controls, 
etc.  With  either  side  tank  removed  (which  can  be  done  in  a  few  minutes),  all  parts  within  the 
fuselage  cockpits  are  advantageously  accessible.  The  walkways  at  root  of  lower  wings  make  it 
possible  to  work  on  engine  and  various  airplane  parts  in  the  environs  of  the  cockpits  while  on  the 
water  cr  flying  field.  Access  doors  are  provided  in  wing  panels  so  that  control  arms,  etc.,  may 
be  easily  lubricated  and  adjusted,  and  inspections  made  of  the  interior  of  wing  panels.  " 

That  quote  was  generated  in  1927.  In  1964  design  of  the  third  Corsair,  the  Model  A-7A, 
was  initiated  for  the  United  States  Navy.  As  part  of  our  proposal,  we  submitted  a  movie  cover¬ 
ing  the  subject  of  maintainability.  I  quote  from  part  of  it. 

"Let's  discuss  Availability  philosophy  in  some  detail.  There  are  many  definitions,  pub¬ 
lications,  and  opinions  in  existence  on  the  interface  of  Availability,  Reliability,  and  Maintain¬ 
ability.  I  would  like  to  employ  a  general  approach  to  Availability  that  should  put  us  all  on  common 
ground. 

"Airplane  Availability  is  a  function  of  Reliability  and  the  number  of  items  that  have  to  be 
inspected,  serviced,  adjusted,  or  replaced.  In  a  broad  sense,  this  is  the  amount  of  maintenance 
an  airplane  will  require.  These  two  items  are  inversely  related  and,  if  we  were  able  by  some 
means  and  enough  money  to  obtain  100  percent  reliable  components,  then  theoretically  most  of 
these  maintenance  items  would  not  be  required.  Obviously,  we  are  not  going  to  get  100  percent 
Reliability,  but  we  do  have  to  make  this  factor  as  high  as  possible  within  the  cost,  schedule,  and 
complexity  constraints  of  this  program  to  reduce  maintenance  to  a  minimum. 

"These  then  become  the  key  elements  in  Availability.  We've  concentrated  on  Reliability 
by  trying  to  get  better  components,  and  even  more  important,  by  having  fewer  components  in  each 
system.  We  have  made  many  improvements  in  the  time  element  by  concentrating  on  Accessibility, 
Turn-around,  Workability,  and  Troubleshooting.  Our  success  in  this  area  produces  an  airplane 
that  is  designed  to  require  a  minimum  amount  of  maintenance  and  special  skills  when  it  gets  to 
the  fleet.  " 

These  quotes  represent  a  spread  of  forty  years  and  there  are  significant  similarities  in 
the  goals.  As  one  indication  of  how  the  designer's  problem  has  grown,  let's  compare  three  air¬ 
craft  approximately  20  years  apart  in  steps  of  evolution.  They  are  the  02U  (Figure  1),  the  F4U 
(Figure  2),  and  the  A7  (Figure  3).  They  are  all  called  Corsairs. 

The  statistics  of  these  aircraft  reveal  some  interesting  data  (Figure  4).  The  direct 
maintenance  man  hours/flight  hour  (DMMH/FH)  have  gone  from  approximately  1.5  to  9.5  with 
one  additional  difference.  The  9.5  DMMH/FH  on  the  Mode1  A7  is  a  specific  guarantee,  like  Vmax 
and  other  performance  guarantees.  It  is  interesting  to  note  in  avionics  not  only  that  the  weight 
has  not  gone  up  as  fast  as  the  number  of  components,  but  that  the  capability  and  flexibility  of  the 
later  avionics  has  gone  up  geometrically.  Note  the  significant  increase  in  the  cost  of  the  avionics, 
both  airborne  and  special  support  equipment.  The  number  of  parts  has  gone  up  ten-fold,  and  the 
availability  has  gone  down,  while  maintenance  requirements  have  gone  up.  Incidentally,  the  later 
Model  A7  also  has  a  guarantee  on  Mission  Completion  Success.  The  implication  of  these  few  facts 
on  the  system  design  problem  today  is  obvious. 

The  aircraft  designer  today  has  indeed  a  new  design  problem.  Weapon  system  complexity 
has  increased  almost  geometrically  in  recent  years  as  performance  and  mission  requirements 
have  become  more  demanding.  It  is  almost  axiomatic  that  these  more  complex  systems  tend  to 
become  less  reliable,  more  difficult  to  maintain,  more  difficult  to  operate,  and  therefore  less 
safe. 


These  undesirable  tendencies  can  and,  in  fact,  must  be  overcome  during  the  initial  design. 
The  problems  of  attempting  to  modify  state-of-the-art  systems  that  have  been  designed  without 
proper  reliability,  maintainability,  human  factor,  and  system  safety  considerations  after  the  de¬ 
sign  is  complete  are  almost  insurmountable.  For  many  years  the  industry  has  attempted  to  ele¬ 
vate  Maintainability,  Reliability,  System  Safety,  and  Human  Factors  to  the  same  level  as  that  of 
our  other  technical  disciplines.  It  is  mandatory  to  place  all  of  these  disciplines  in  the  proper 
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perspective  to  maintain  optimum  balance  and  control.  The  work  done  to  establish  the  requirement 
oi  these  disciplines  has  been  in  part  successful;  but  to  the  designer  today,  they  must  be  categorized 
as  a  relatively  new  challenge.  The  complexity  problem  spawned  the  necessity  to  apply  these  new 
disciplines  in  the  initial  design  phase.  None  of  them  are  truly  new,  but  they  have  become  so  much 
more  involved  with  system  complexity  increase  that  they  have  taken  on  a  whole  new  complexion. 

The  actual  development  of  the  discipline  into  a  useful  engineering  tool  was  and  is  a  challenge. 

How  does  one  start  with  a  grossly  stated  system  operational  problem  and  develop  an  engi¬ 
neering  discipline  compatible  with  the  terms  and  parameters  of  the  problem  so  that  it  is  useable 
in  initial  design? 

First,  the  problem  must  be  understood.  It  must  be  possible  to  separate  fundamentals  from 
chaff.  Understanding  must  be  developed,  in  the  main  by  deduction  and  history.  The  problem  must 
be  defined  in  engineering  terms  applying  techniques  which  permit  rational  measurement  and 
analysis.  Such  activity  involves  development  of  math  models,  testing,  failure  analysis,  correla¬ 
tion  with  records,  etc. 

Once  the  problem  is  understood  and  described  analytically,  a  prediction  capability  must  be 
developed.  No  amount  of  analysis  or  test  after  the  fact  will  change  reliability,  maintainability, 
operability,  or  safety  one  bit.  If  these  factors  are  not  considered  initially,  then  they  may  well  gat  at 
of  control,  and  the  design  will  never  realize  its  full  potential  as  an  operationally  deployed  system. 
There  analysis  and  prediction  during  design  is  required,  much  as  is  the  case  with  Aerodynamics 
and  Structures. 

The  next  requirement  is  the  formulation  of  these  disciplines  in  such  a  manner  that  they  are 
useful  in  the  overall  design  process  wherein  many  other  factors  clamor  for  consideration.  This 
invc’  es  the  development  of  a  language  with  which  to  communicate  with  the  other  disciplines  during 
the  design.  Other  areas  must  be  taught  this  language  and,  to  a  degree,  educated  in  the  discipline 
itself.  These  other  areas  must  also  understand  the  necessity  for  the  design  compromises  which 
the  discipline  will  tend  to  dictate.  These  other  areas,  especially  design,  must  eventually  desire 
to  employ  the  discipline.  The  concept  that  a  2  percent  increase  in  Mission  Completion  Success 
probability  may  be  worth  10  knots  in  Vmax  is  one  that  takes  some  education  and  some  facts  to 
back  it  up.  Until  such  facts  are  understood  and  accepted  by  all  others  involved  in  the  system 
design,  proper  design  balance  is  not  possible. 

How  does  it  work  in  practice?  There  are  at  least  three  major  considerations  that  must  be 
implemented.  First,  these  disciplines  must  be  integrated  into  the  design  operations  as  line 
functions  with  responsibility  and  accountability.  Second,  the  organization  of  these  line  functions 
into  the  Engineering  Department  must  be  at  a  level  consistent  with  their  responsibility  and  ac¬ 
countability.  They  must  report  to  and  receive  support  from  a  management  level  consistent  with 
their  design  responsibility.  And,  third,  they  must  establish  overall  objectives  and  specific 
requirements. 

Requirements  are  established  generally  by  specification.  To  have  maximum  effectiveness, 
the  requirements  and  programs  resulting  from  them  should  contain  both  qualitative  and  quantita¬ 
tive  aspects.  Rational  quantitative  requirements  should  be  specified  wherever  possible  to  pro¬ 
vide  a  proper  measurement  for  trade  studies  against  which  program  requirements  can  be  evalu¬ 
ated  and/or  demonstrated.  In  each  of  the  four  technical  areas,  a  formal  program  plan  is  required. 
One  then  has  a  Human  Factors  Program  Plan,  a  Maintainability  Program  Plan,  a  Reliability 
Program  Plan,  and  a  Systems  Safety  Engineering  Program  Plan.  The  plar.s,  in  each  case,  de¬ 
scribe  precisely  the  scope  and  content  of  the  effort,  the  exact  tasks  to  be  accomplished,  how  each 
task  will  be  accomplished,  and  provide  a  detailed  schedule  of  major  check-points  and  completion 
dates.  In  addition,  the  plans  describe  a  method  of  testing  and  evaluating  the  results  of  the  effort 
common  to  basic  design.  In  addition  to  providing  this  "visibility",  the  written  plan  also  provides 
management  with  the  "what  is  being  done,  how  it  is  being  done,  and  when  it  is  being  done"  in¬ 
formation  required  to  evaluate  the  quality  and  progress  of  the  effort. 

How  does  one  accomplish  the  program?  Or,  perhaps,  one  should  ask  what  are  some  of 
the  techniques  which  the  specialists  in  these  areas  use? 

"Hie  goals  and/or  requirements  affecting  human  factors,  maintainability,  reliability  and 
safety  engineering  as  stated  ;n  the  detail  specification  for  an  aircraft  system  are  usually  very 
general.  For  example,  "the  MMH/FH  must  not  exceed  9.  5  and  the  mission  completion  reliability 
must  be  at  least  75  percent.  "  These  values,  while  quantitative,  do  not  provide  the  designer  with 
the  specific  requirement  which  he  needs  in  developing  his  design.  At  Vought  Aeronautics  we 
have  developed  mathematical  models  and  computer  programs  to  assist  in  the  analysis  of  the  sub¬ 
division  of  these  general,  overall  requirements  into  allocations  specific  to  a  sub-system.  Inci¬ 
dentally,  math  models  and  computer  programs  are  meaningless  without  history  or  test  data. 


17-3 


Using  a  maintainability  simulation  model  (Figure  5),  0.28  MMH/FH  was  allocated  to  the  hydrau¬ 
lic  sub-system,  and  0.41  MMH/FH  to  the  electrical  sub-system.  These  allocations  are  further 
detailed  (Figure  6)  and  coupled  with  the  associated  maintenance  concept,  v^re  then  given  to  the 
sub-system  designer  as  a  target  for  his  design--just  as  a  weight  target  might  be  given  to  him.  It 
should  be  made  clear  that  these  allocations  are  not  assumed  but  are  derived  from  an  initial  de¬ 
tailed  analysis  of  the  maintenance  task  for  each  sub- system.  He  now  has  a  maintainability  con¬ 
straint  which  he  must  attempt  to  satisfy  at  the  same  time  he  is  satisfying  all  others.  In  the  same 
manner,  reliability  allocations  are  specified  for  a  particular  sub- system  so  that  total  reliability 
requirements  of  the  weapon  system  can  be  achieved.  General  human  factors,  and  safety  require¬ 
ments  may  also  be  made  specific  to  a  sub- system. 

At  Vought  Aeronautics  standard  engineering  procedures  call  for  the  provision  of  quantitative 
requirements  to  the  designer  through  Design  Definitions  (DD).  The  designer  responsible  for  a 
specific  design  originates  the  DD  by  listing  all  known  requirements,  applicable  specifications,  and 
general  description  of  his  system.  All  technical  areas  then  provide  their  inputs  in  terms  of  re¬ 
quirements  or  constraints  specific  to  their  technical  specialty.  In  this  manner,  the  designer  then 
has  the  first  estimate  of  the  requirements  which  his  design  must  meet.  The  quantitative  require¬ 
ments  specified  by  human  factors,  maintainability,  reliability  and  safety  may  also  be  translated 
into  meaningful  qualitative  requirements  and  included  in  the  Design  Definition.  The  basic  principles 
must  be  educated  into  the  designer,  not  restated  to  him  every  time.  One  is  on  \he  road  to  success 
when  such  basic  principles  are  applied  without  prompting. 

Following  definition  of  the  design  requirements,  the  preliminary,  basic  design  effort  is 
started  Now  we  begin  to  have  the  day-to-day  interaction  of  the  designers  and  the  specialists. 
Continuous  design  surveillance  provides  the  specialists  with  the  data  needed  to  assess  how  their 
particular  design  requirement  is  progressing.  It  also  provides  the  specialists  and  engineers  in 
these  areas  the  data  necessary  to  point  out  good  and  bad  points  of  the  particular  design  at  a  design 
review  meeting.  In  some  cases  these  inputs  can  be  evaluated  and  approved  or  rejected  at  the  de¬ 
sign  review.  In  other  cases  the  effect  on  cost,  weight,  structure,  for, example,  may  not  be  so  ob¬ 
vious.  In  these  later  cases,  a  trade  study  may  be  required  to  evaluate  thoroughly  the  effects  of 
the  conflicting  requirements. 

Participation  in  trade  studies  is  an  important  technique  by  which  these  specialists  may  effect 
the  selected  design.  Each  concept  is  analyzed  for  the  appropriate  quantitative  parameters,  such  as 
failure  rates  and  effects,  personnel  skill  levels  and  training  requirements,  and  safety  hazards. 
Ratings  are  then  assigned  in  maintainability,  reliability,  etc.,  indicating  the  ranking  of  each  concept. 
Depending  on  the  specific  trade  study  being  accomplished,  values  are  assigned  to  the  particular 
rankings  so  that  these  disciplines  are  considered  appropriately  along  with  the  other  trade  study 
criteria  being  evaluated. 

These  techniques  which  I  have  discussed-  translating  general  requirements  into  specific, 
design  definition  inputs,  design  surveillance,  and  participation  in  design  reviews  and  trade  studies-- 
are,  of  course,  reiterative  efforts  continuing  throughout  the  program. 

Another  technique  which  is  used  quite  extensively  is  the  use  of  design-tool  mockups  and  sim¬ 
ulators  studies.  Cockpit  or  crew  station  mockups  and  simulators  have  been  used  for  some  time. 
However,  the  extensive  use  of  mockups  of  critical  maintenance  areas,  such  as  avionics  bays,  or 
the  use  of  simulated  stores  handling  and  loading  tasks,  is  relatively  recent.  By  employing  these 
techniques  both  qualitative  and  quantitative  data  may  be  obtained  early  in  the  design  phase.  In  test 
programs,  such  as  these,  maintenance  time  estimates  and  accessibility  requirements  may  be 
checked.  Human  factors  and  safety  consideration  for  display  location  and  arrangement  may  be 
evaluated.  Store  loading,  cargo  handling,  and  turn-around  times  and  procedures  may  be  tested 
and  revised  until  the  most  efficient  concepts  are  identified.  In  many  cases  problems  can  be  identi¬ 
fied  and  corrections  made  with  little  or  r.o  wasted  effort  or  changes  in  target  dates  of  the  total 
program  schedule. 

Today,  significant  components  of  weapon  systems  are  subcontracted.  To  complement  our 
in-house'1  program  and  to  assure  meeting  our  contractual  requirements,  we  also  institute  a  simi¬ 
lar  program  for  our  sub-contractors  and  vendors.  Qualitative  and  quantitative  requirements  are 
specified  in  procurement  specifications.  Vendor  proposals  are  reviewed,  evaluated,  and  ranked 
according  to  how  well  they  meet  the  human  factors,  maintainability,  reliability,  ar.d  safety  require¬ 
ments  and  programs  specified.  The  follow-up  through  design  analysis,  surveillance  and  review 
of  the  subcontractor  or  vendor  effort  is  addressed  essentially  the  same  as  the  in-house  designer's 
efforts.  In  some  cases,  contract  guarantees  and  demonstration  plans  are  required  and  negotiated. 
One  of  the  most  important  requirements  is  the  demonstration  of  the  reliability  characteristic.  The 
demonstration  test  is  usually  conducted  at  the  subcontractor's  plant  using  procedures  and  criteria 
established  by  specification.  This  type  of  testing  iE  most  often  used  to  qualify  equipment  for  pro¬ 
duction;  but,  it  may  be  extended  to  monitor  the  reliability  of  equipment  throughout  the  scheduled 
production. 
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If  the  designer  and  specialist  have  interfaced  properly,  the  result  is  a  practical,  operable 
system  which  gives  good  service  to  the  customer  but,  unfortunately,  with  higher  initial  costs 
and  longer  design  programs.  Not  only  is  today's  hardware  generally  more  complex,  but  we 
have  generated  a  more  difficult  design  balance  problem  because  of  additional  parameters.  More 
data  is  generated  because  of  the  new  factors  to  be  reported  and  the  engineering  programs  c-tend 
further  into  the  system  operational . life.  On  one  program  today,  we  have  150  engineers  in  these 
four  disciplines  occupied  full  time--that's  300,000  man  hours /year. 

There  has  been  little  discussion  thus  far  in  this  paper  of  special  support  equipment  require¬ 
ments.  Today  it  may  be  axiomatic  that  as  system  complexities  increase,  so  does  the  special 
support  equipment  in  automation,  complexity  and  cost.  The  subject  of  special  support  equip¬ 
ment  and  logistics  is  a  subject  unto  itself:  however,  proper  interfacing  of  these  specialists  and 
the  support  equipment  designer  is  necessary  for  the  generation  of  proper  support  equipment 
requirements. 

The  proof  of  the  system  design  in  these  disciplines  can  only  be  verified  with  long  term 
monitoring.  This  monitoring  not  only  proves  existing  designs,  but  also  builds  more  efficient 
tools  for  the  future.  In  this  regard  the  customer  has  new  requirements  imposed  on  him--namely, 
obtaining  and  reporting  data  over  a  long  operational  period.  Contractors  must  have  the  benefit 
of  operational  experience  supplied  in  data.  Only  the  user  can  properly  do  this. 

In  summary,  then,  we  are  coming  along  with  the  proper  interfacing  of  reliability,  main¬ 
tainability,  human  factors  and  system  safety  engineering  into  the  designer's  daily  thinking.  The 
design  techniques  are  not  yet  highly  efficient  and  still  require  development  and  refinement.  Basic 
historical  and  operational  data  is  still  sparse,  but  state-of-the-art  systems  rarely  do  have  much 
background  data.  Today  we  have  guarantees  in  Maintainability  and  Reliability  and  formal  re¬ 
quirements  in  System  Safety  Engineering.  In  the  near  future  I  predict  we  will  have  a  new  guarantee 
in  System  Safety;  and  reliability,  maintainability  and  human  factor  requirements  will  become  more 
stringent  with  attendant  initial  cost  and  schedule  impact.  In  the  next  generation  of  avionics  as  a 
result  of  increased  reliability,  reduced  special  support  equipment  requirements  at  the  field  or 
intermediate  level  are  predictable.  ■  Fortunately,  the  integration  of  these  disciplines  into  the  de¬ 
sign  process  will  improve  with  time  and  experience.  Hopefully,  the  improvements  in  techniques 
will  keep  pace  with  the  requirements  and  the  designer  will  keep  pace  with  the  technical  specialist. 
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Fig.  4  Aircraft  Complexity  Growth 


» SYSTEM  DMMH/FH 

BASIC  AIRCRAFT  STRUCTURE  ANO  EQUIPMENT  0.94 

PERSONNEL  SUPPORT  ANO  EMERGENCY  PROVISIONS  0.54 

LANDING  GEAR  0.72 

FLIGHT  CONTROL  SYSTEM  0.63 

PROPULSION  0.87 

ELECTRICAL  SYSTEM  0.41 

HYDRAULIC  SYSTEM  0.28 

FUEL  SYSTEM  0.34 

COMMUNICATIONS  SYSTEM  0.44 

NAVIGATION  SYSTEM  0.54 

WEAPONS  MANAGEMENT  179^ 

•TOTAL  9.50 


Fig.  5  Design  Allocations  of  Direct  Maintenance  Manhours  Per  Flight  Hour 
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Fig.  6  Design  Allocations  of  Direct  Maintenance  Manhours  Per  Flight  Hour 
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AVIONICS  DESIGNER'S  VIEW  OF  THE  SYSTEMS  INTERGRATION  PROBLEM 


Mr.  Saul  Weissman 
Chief,  Avionics  Division 
C-SA  Systems  Program  Office 
Aeronautical  Systems  Divisions,  USAF 


ABSTRACT 


This  paper  delineates  one  exanqale  of  the  electronic  designer's 
problem  in  providing  an  avionics  subsystems  design  which  can  be 
suitably  integrated  into  an  aeronautical  system  to  satisfy  a  critical 
operational  requirement,  i.e,,  low  level,  high  speed  penetration  at  a 
minimum  altitude  of  300  feet  over  or  around  any  terrain  profile. 

It  examines:  (1)  the  required  sensors  and  their  capabilities; 
(2)  considers  the  necessary  interfaces  for  accommodation  of  the  air¬ 
craft  responses  and  control  restraints;  (3)  describes  the  man-machine 
relationships  and  (4)  delineates  air  safety  required  features.  The 
basic  sensor,  a  forward  looking  radar  with  a  phased  interferometer 
array  and  associated  receiver  is  examined.  Plight  station  display 
and  instrumentation  is  described  and  the  man-machine  relationship 
considered. 

Oata  of  simulated  low  level  flights  over  a  selected  terrain 
profile  is  shown  under  various  conditions  of  environment  (rain) 
and  radar  measurement  error  parameters. 
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AVIONICS  DESIGNER'S  VIEW  OF  THE  SYSTEM  INTEGRATION  PROBLEM 

By 

Saul  Weissman 


Aircraft  avionics  have  varied  widely  over  the  past  thirty  years. 
The  original  papular  concept  was  design  of  the  aircraft  to  perform 
specific  flight  maneuvers  and  attain  prescribed  altitudes,  ranges, 
and  speed  without  real  regard  for  the  ultimate  use  of  the  vehicle. 
After  coq>letian  of  aircraft  design,  consideration  was  given  to 
installing  the  most  readily  available  electronics  black  boxes  in  the 
aircraft.  These  would  provide,  on  an  independent  basis,  such  capa¬ 
bilities  as  air  to  ground  and  air  to  air  communication,  low  accuracy 
direction  finding,  and  the  like.  Note  the  word  is  "install",  an 
action  which  differs  widely  from  what  we  now  recognize  as  total  aero¬ 
nautical  systems  integration.  Even  with  the  later  advent  of  more 
sophisticated  electronics,  such  as  the  omni-range,  radars,  airborne 
co^>uters,  and  self-adaptive  flight  control  subsystems,  installation 
on  an  individual  cocponent  basis  was  still  the  rule.  The  attention 
to  integration  was  limited  to  the  particular  interface  that  affected 
the  individual  black  box  operation. 

It  is  only  in  recent  years  that  the  installer  has  been  replaced 
by  the  systems  engineer  or  avionics  integrator.  It  has  become 
increasingly  evident  that  as  aeronautical  systems  become  more  complex, 
and  the  operational  demands  on  their  performance  become  more  critical, 
the  avionics  installation  problem  is  only  a  small  part  of  the  total 
joo. 


The  avionics  designer  must  be  continuously  aware  of  a  wide  range 
of  technical  expertise,  far  beyond  his  basic  avionics  knowledge. 

This  paper  will  examine  one  exasple  of  the  application  of  such  broad 
design  considerations;  the  integration  of  a  terrain  following/terrain 
avoidance  capability  in  the  United  States  Air  Force  C-5A  Transport 
System. 


1.  INTRODUCTION 


Modern  avionics  systems  are  required  to  perform  a  wide  variety 
of  functions  to  satisfy  the  needs  of  new  combat  and/or  non-combat 
types  of  aircraft.  An  exarple  of  the  latter  is  the  Air  Force/Lock¬ 
heed  C-5A  transport,  in  which  the  radar  sensor  and  display  system  is 
required  to  provide  the  following  modes  of  operation:  ground  mapping, 
weather  detection  and  mapping,  radar  glide  slope  approach  as  a  landing 
aid,  cosputer  aided  release,  terrain  following,  terrain  avoidance, 
beacon,  and  stationkceping  display.  A  further  stringent  requirement 
is  that  several  of  these  modes  be  simultaneously  available  to  either 
the  pilot,  the  co-pilot  and  the  navigator  station. 

One  of  the  important  aspects  of  modern  military  aircraft  operation 
is  low  altitude  penetr-tion,  which  has  led  to  a  new  class  of  radar 
concerned  with  terrain  following  and  terrain  avoidance.  Unoer 
tactical  conditions,  a  low  altitude  approach  to  the  terminal  areas 
is  required  of  the  C-5A.  These  modes  require  maximum  inter-disciplinary 
exchange  between  the  avionics  and  airframe  designers.  This  paper  deals 
with  this  problem. 
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2.  THE  PROBLEM 


As  shorn  in  Figure  1,  each  mode  presents  separate  design 
problems  even  though  they  are  integrated  on  a  functional  basis. 

Terrain  foil owing  provides  automatic  control  in  the  vertical 
plane  containing  the  aircraft  velocity  vector.  In  order  to  accom¬ 
plish  this,  the  radar  sensor  must  provide  the  terrain  contours  in 
terms  of  elevation  angle  versus  range  coordinates.  To  derive  the 
full  benefit  of  low  altitude  penetration,  maintenance  of  wings- 
level  attitude  at  a  pre-set  altitude  above  the  terrain  is  tne 
basic  design  objective. 

Terrain  avoidance  provides  the  capability  for  manually 
steering  the  aircraft  around  terrain  obstacles.  The  sensor  must 
provide  three-dimensional  terrain  data  in  real  time. 

While  this  function  can  be  pr.  .  ided  by  black  boxes  that  can 
be  readily  installed,  the  quality  of  aircraft  performance  depends 
upon  optimum  interfacing  between  the  black  boxes  and  the  aero¬ 
nautical  system  taking  Into  consideration  the  man-machine  relation¬ 
ship. 


The  inter-disciplinary  aspects  of  this  optimization  requirement 
involves  the  technologies  listed  in  Figure  2.  Some  of  the  key 
technical  elements  and  their  relevant  design  parameters  include: 

a.  Radar  Systems  Design  -  range,  azimuth  elevation  and  angle 
coverage,  data  rate,  resolution,  accuracy,  and  simultaneous  modes 
of  operation;  weight,  size,  reliability,  maintainability,  prime 
input  power,  special  field  test  equipment,  cost. 

b.  Aircraft  Installation  -  stabilization,  scan  volume,  radome, 
thermal  and  vibration  environment,  cooling  air,  pressurization, 
boresighting. 

c.  Electromagnetic  Scattering  -  Because  v;e  are  "probing"  and 
measuring  terrain  parameters  by  means  of  an  electromagnetic  pulse, 
the  backscattering  properties  of  terrain  and  discrete  obstacles  in 
clear  weather  and  in  precipitation  must  be  known.  Principal  design 
parameter  trade-offs  include  frequency  and  polarization  of  the 
radiated  pulse. 

d.  Human  Factors  -  optimum  utilization  of  the  pilot  in  the 
manual  control  locp,  visual  display  of  command  and  situation  data, 
optimum  transition  between  manual  and  automatic  control,  pilot 
fatigue  relationship  to  acceleration  environment. 

e.  Aircraft  Flight  Dynamics  -  Some  of  the  key  parameters  are: 
dynamic  response  to  control  surface  commands  including  time  lags, 
maximum  climb  angle  as  a  function  of  weight  and  tail  winds,  acceler¬ 
ation  limits,  speed  regulation,  and  autopilot  characteristics. 

f.  Control  Theory  -  Due  to  aircraft  saturation  characteristics 
and  acceleration  limits,  non-linear  control  theory  must  be  applied 
and  etphasis  placed  on  sophisticated  corputer  dynamic  simulations. 

The  above  considerations  will  become  more  evident  as  we  go  more 
deeply  into  the  system. 


OVERALL  SYSTEM  CONSIDERATIONS 


Figure  3  shows  hov;  all  the  elements  previously  described  fit 
together,  particularly  in  the  terrain  following  mode  which  provides 
automatic  control  of  the  aircraft.  A  functional  description  of  the 
system  operation  is  as  follows: 

a.  Radar  scans  at  1  look/sec,  providing  full  sector  coverage. 

b.  Sensor  obtains  terrain  data  as  elevation  angle  vs  range 
at  all  azimuth  angles,  and  the  terrain  data  are  transmitted  to  the 
TERRAIN  THREAT  EVALUATION  and  COMMAND  COMPUTATION  block.  Data  are 
in  stabilized  coordinates. 

c.  Angle  and  range  to  maximum  terrain  threat  are  determined, 
combined  with  angle  of  attack,  and  sent  to  the  AUTOPILOT  as  the 
pitch  angle  command  signal.  Inputs  include  elevation  information 
along  ground  track  and  set  clearance  altitude. 

d.  AUTOPILOT  output  drives  aircraft  ACTUATORS  which  change 
AIRCRAFT  ATTITUDE,  and  thus  change  the  AIRCRAFT/TERRAIN  RELATION¬ 
SHIP  to  close  the  loop  back  through  the  RADAR  SENSOR. 

e.  Terrain  angle  video,  pitch  command,  and  aircraft  attitude 
are  combined  in  a  command/situation  format  on  the  DISPLAY. 

The  inter-relationship  among  the  previously  described 
technologies  are  clearly  evident  in  Figure  3.  It  is  also  clear 
that  avionics  design  integration  must  take  place'  in  the  beginning 
rather  than  after  airframe  design  is  completed.  Without  early 
integration,  we  incur  poor  low  altitude  penetration  profiles, 
which  substantially  increase  the  aircraft’s  vulnerability  to  the 
increasingly  sophisticated  ground  defenses  against  aircraft.  The 
cost  per  unit  aircraft  is  high  and  going  higher.  The  cost  of  pro¬ 
viding  an  optimum  design  to  achieve  performance  goals,  rather  than 
a  design  to  unchangeable  constraints,  is  merely  that  of  proper  and 
timely  planning. 

The  basic  interfaces  with  the  multimode  radar,  as  shown  in 
Figure  4,  include  the  inertial  cioppler  navigation  equipment,  attitude 
and  heading  reference  unit,  angle  of  attack  sensor,  radar  altimeter, 
stationkeeping  equipment,  MADAR  (Malfunction  Detection  Analysis  and 
Recording),  autopilot,  and  flight  instruments.  Redundant  inputs  to 
the  radar  include:  (1)  two  inputs  of  ground  speed,  one  from  the 
doppler  equipment  and  one  from  the  inertial  system;  (2)  means  of 
determining  the  aircraft  flight  vector,  one  using  angle  of  attack 
and  aircraft  pitch  and  one  from  the  inertial  system;  and  (3)  pitch 
and  roll  readings  from  either  the  inertial  platform  or  the  AHRU 
(Attitude  Heading  and  Reference  Unit). 

It  is  evident  that  system  optimization  and  integration  must 
occur  at  all  technical  and  management  levels. 

The  degree  of  system  optimization  which  can  be  achieved  is 
dependent  upon  the  manner  in  which  this  multitude  of  inputs  are 
interfaced  with  the  basic  radar  sensor  and  the  weighting  assigned 
to  each  element. 


'Mil'll!1? 


18-4 


<* 


4.  DESIGN  CONSIDERATIONS 


4.1  Phase  Interferometer  Technique 


In  the  radar  modes  of  operation  that  require  vertical  angle 
information,  the  phase  interferometer  technique  is  used.  The  phase 
interferometer  was  selected  for  the  C-5A  radar  for  several  reasons. 
These  include  an  extremely  fast  terrain  data  acquisition  rate,  wide 
elevation  coverage,  ability  to  ground  nap  while  terrain  following, 
and  excellent  effectivity  at  shallow  gracing  angles. 

The  history  of  a  single  pulse  transmission  describes  the  basic 
operation  of  this  method  of  angle  measurement.  Referring  to  Figure 
5,  the  radar  pulse  is  transmitted  from  an  antenna  whose  elevation 
beamwidth  is  equal  to  or  greater  than  the  required  total  elevation 
angle  coverage.  As  the  pulse  travels  outward,  it  continuously 
illuminates  the  entire  terrain  profile  with  the  elevation  coverage 
of  the  transmitter  antenna  pattern.  In  Figure  5,  (a)  the  position 
of  the  pulse  is  shown  at  four  different  times  (or,  equivalently, 
range)  during  its  travel.  That  is,  at  range  1  the  wavefront  of  the 
backscattered  signal  arrives  at  the  interferometer  antennas  at  a 
given  angle  with  respect  to  the  horizontal.  At  range  2  it  arrives 
at  smother  angle  and  so  on. 

The  phase  interferometer  c’lrectly  measures  the  angle  of  arrival 
of  the  return  signal  by  measuring  the  differences  in  the  time  of 
arrival  (or,  equivalently,  relative  phase)  of  the  signal  at  the  two 
sections  of  the  receiving  antenna. 

The  received  signals  are  separately  processed  through  IF 
receiver  channels  and  combined  in  a  phase  detector  whose  output  is 
proportional  to  the  phase  difference  between  the  two  input  signals. 
The  result  is  an  exact  analog  of  the  terrain  profile  as  shown  in 
the  Figure  5  (b). 

The  shadow  region  exists  in  the  terrain  profile  depicted  in  the 
figure.  The  processing  in  the  receiver  recognizes  this  situation 
and  holds  the  output  at  the  last  good  value. 


4.2  Automatic  Terrain  Following  Computer 


The  prime  functional  requirement  of  the  Automatic  Terrain  Following 
Conputer  is  to  provide  to  the  Autopilot  an  angle  command  signal  (i.e., 
Pitch  Command)  that  will  enable  the  aircraft  to  clear  the  most  threatening 
terrain  along  its  path  at  the  pre-set  clearance  altitude. 

The  information  flow  of  the  Functional  Diagram  of  the  ATFC  shown 
in  Figure  6,  as  follows: 

a.  Radar  Sensor  -  measures  the  actual  terrain  profile  in 
elevation  angle  vs  range  coordinates. 

b.  h/R  Generator  -  h,  the  desired  clearance  altitude,  is  con¬ 
verted  to  its  equivalent  angle  offset  by  the  h/R  Generator,  where  R 

is  range.  This  is  combined  with  the  actual  profile,  the  sum  resulting 
in  the  offset  Terrain  Profile. 
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c.  Terrain  Weighting  Profile  -  this  unit  generates  a  real-time 
waveform  which  is  combined  with  the  offset  Terrain  Profile  to  provide 
the  maximum  terrain  threat  data. 

d.  Climb  Command  Angle  Conputer  -  The  output  of  this  unit  is 
the  flight  path  command  angle  needed  to  clear  the  maximum  terrain 
threat.  This  signal  is  sent  to  the  Autopilot  and  the  Display.  It 
is  computed  on  the  basis  of:  pre-set  acceleration  limits,  angle-of- 
attack,  actual  altitude  (using  radar  altimeter),  climb  high  factor 

in  order  to  be  wings-level  over  peaks,  aircraft  weight  (as  it  affects 
the  maximum  aircraft  climb  angle  capability).  A  Smooth  Side  Control 
is  provided  which  results  in  a  pealc-to-peak  flight  profile.  Ground 
Track  Notch  is  an  angle  gate  which  accepts  radar  data  only  along 
ground  track. 

e.  Safety  Features  include: 

(1)  Altimeter  Override 

(2)  Inadequate  Clearance  Warning  (when  obstacle  is  higher 
than  maximum  aircraft  climb  angle)  -  aural  and.  annunicator  indicators 
aure  used. 

(3)  Stall  Warning  Signal 

(4)  Equipment  Pailure  Warming 


4.3  Terrain  Poliowing/Terrain  Avoidance  Display 


The  C-5A  Multi-Mode  Radair  has  five  basic  types  of  displays, 
several  of  which  can  be  used  for  a  variety  of  modes  while  others 
apply  to  specific  modes  only. 

The  terrain  foil wing/terrain  avoidance  display,  as  presented 
in  Pigure  7,  shows  three  types  of  information.  At  the  top  of  the 
display  are  shown  tv/o  terrain  ridge  lines  with  a  zero  degree  elevation 
reference  line.  Cne  ridge  line  shows  the  terrain  elevation  angle 
versus  azimuth  angle  adiead  of  the  aircraft  out  to  5  to  10  miles, 
depending  on  the  range  selected  by  the  pilot.  The  other  ridge  line 
is  for  a  range  of  2.5  or  5  miles.  The  remainder  of  the  scope  shows 
a  i45°  azimuth  scan  contour  nap  with  a  5  to  10  mile  range  and,  in 
the  center  of  the  display,  steering  information. 

In  this  manner,  three  dimensional  terrain  data  navaely,  range, 
azimuth,  and  elevation  contours  is  presented  to  the  pilot  in  real¬ 
time.  In  addition,  command  data  and  aircraft  altitude  synbalogy 
arc  presented  so  that  the  pilot  can  nad:e  effective  use  of  the  various 
sources  of  data  that  axe  important  to  him.  Note  that  the  pitch  com¬ 
mand  signal  is  obtained  from  the  automatic  terrain  following  control 
system  and,  as  a  result,  the  display  servos  as  a  monitor  permitting 
effective  transition  between  manual  and  automatic  control. 

This  one  display  provides  the  pilot  with  all  of  the  information 
required  for  control  of  the  air  vehicle  to  perform  the  terradn 
following,  avoidance  function. 
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5.  TERRAIN  FOLLOWING  PERFORMANCE  SIMULATIONS 


As  noted  previously,  the  complexity  of  the  various  governing 
equations  and  their  interaction,  and  the  non-linear  functional 
characteristics  of  the  aircraft,  requires  sophisticated  computer 
simulations  in  order  to  obtain  design  criteria  and  evaluate 
performance  capabilities.  The  automatic  terrain  following  mode  of 
the  C-5A  has  gone  through  such  a  process,  figure  8  shows  the  flight 
conditions  that  we  re  used  for  the  corputed  performance  profiles 
shown  in  Figures  9  to  12, 

a.  Figure  9  -  Two  aircraft  trajectories  are  shown,  one  is  an 
Error  Free  Trajectory,  that  is,  a  perfect  radar,  which  demonstrates 
the  dynamic  capabilities  of  the  aircraft  itself.  In  this  case,  it 
handles  this  mild  peak  very  well.  The  other  trajectory  shows  the 
effect  of  a  0.01  radian  radar  error.  The  deviation  from  the  first 
trajectory  is  negligible. 

b.  Figure  10  -  This  figure  shows  the  response  of  the  'system 
to  a  repetitive  sequence  of  hills.  Again,  the  error  trajectory  is 
negligibly  different  from  the  error  free  trajectory  which  shows  the 
inherent  acceleration  limitations  of  the  aircraft  design  itself. 

c.  Figures  11  and  12  -  These  figures  are  the  same  as  Figures 
9  and  10,  respectively,  except  that  the  effect  of  a  12  millimeter 
per  hour  rain  is  shown  in  place  of  the  random  radar  noise  error. 

In  both  cases,  there  is  negligible  difference  in  the  trajectories. 

Figure  13  is  a  statistical  summary  of  the  trajectory  data 
shown  in  Figures  9-12.  This  data  quantitatively  shows  the  negligible 
effects  of  random  radar  error  and  rain  storms  on  the  trajectory 
capability  of  the  aircraft  itself. 

Approximately  20  hours  of  initial  flight  testing  in  a  flying 
test  bed  have  been  conpleted.  These  are  preliminary  tests  to 
determine  the  achieved  operational  parameters  at  altitudes  in 
excess  of  those  anticipated  during  operational  use  of  the  system. 
Initial  plots  indicate  that  although  considerable  logic  and  loop 
gain  adjustments  nay  be  required,  the  basic  system  design  will  be 
conpatible  with  C-5A  flight  dynamic  constraints. 
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SUMMARY 


The  development  planning  process  as  a  method  for  identifying, 
advocating,  and  obtaining  approval  for  military  system  and  equip¬ 
ment  programs  needed  for  new  and  Improved  operational  capabilities 
is  discussed.  The  experience  of  the  U.  S.  Air  Force  in  development 
planning  is  used  as  the  example.  The  changes  within  the  develop¬ 
ment  planning  process,  the  activities,  and  the  tools  used  in  the 
process  sre  examined.  A  specific  review  of  the  "technology  plot 
tool"  is  presented  as  a  means  of  Improving  communications  among 
the  user  (the  operational  command) ,  the  design  engineer,  and  the 
planner.  Development  planning  has  evolved  as  the  disciplined 
process  which  directs  the  talents  and  techniques  of  operational 
planners,  system  analysts,  engineers,  designers,  and  technologists 
toward  the  goal  of  providing  effective  and  valid  proposals  for  new 
systems  and  equipment  for  meeting  the  operational  capability  needs 
of  the  future. 
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I'M 


Development  planning  as  a  method  and  process  for  Identifying,  advocating,  and 
obtaining  approval  for  the  development  of  new  military  systems  and  equipment  has 
attained  an  important  place  in  the  decision-making  process  of  nations  seeking  new  and 
Improved  operational  capabilities  to  meet  their  specific  defense  needs.  Development 
planning  as  a  simple  function  has  been  practiced  in  some  form  and  degree  since  early 
timer.  However,  the  Intervening  years  have  witnessed  a  vast  change  in  the  procedures, 
the  talents,  and  the  activities  employed  In  the  accomplishment  of  development  planning. 
The  past  decade  has  been  a  period  of  significant  change  in  the  environment  in  which 
new  military  system  programs  are  advocated  and  approved  for  development.  The  develop¬ 
ment  planning  process  as  practiced  by  the  U.  S.  Air  Force  has  therefore  undergone 
change.  This  paper  will  discuss  the  development  planning  experience  of  the  U.  S. 

Air  Force  to  identify  the  changes  in  the  decision-making  process  and  what  changes  have 
been  made  within  development  planning. 

Let  us  first  look  at  the  historical  background  of  development  planning  so  we  may 
establish  a  perspective  on  the  current  need  and  character  of  development  planning.  In 
the  late  1940's  and  in  the  1950's  the  environment  In  which  the  Air  Force  inflated  and 
developed  new  weapon  systems  was  quite  different  from  what  it  Is  today.  The  Air  Force 
itself  played  a  much  larger  part  in  the  decision  of  what  to  develop  and  place  In  the 
operational  inventory.  The  Air  Force  prepared  "requirements"  documents  which  stated 
the  needed  operational  capability  and  stipulated  the  solution  by  describing  the  system 
which  would  provide  such  a  capability.  The  planning  for  new  systems  Included  prelimi¬ 
nary  design,  analysis,  and  the  preparation  of  proposed  program  plans.  These  develop¬ 
ment  plans  were  detailed  documents  which  centered  on  how  the  development  would  be 
accomplished. 

The  decisions  by  the  Office  of  the  Secretary  of  Dcfi  ise  (OSD)  were  normally  baaed 
on  the  data  submitted  by  the  Air  Force  with  minimal  detai.'  »d  analyses  conducted  at  the 
OSD  level. 

Other  factors  which  characterized  this  earlier  period  from  the  present  are  as 
follows : 


-  The  systems  were  less  costly  and  therefore  did  not  have  as  great  an  Impact 
on  the  national  budget. 

-  The  systems  were  less  complex  from  an  engineering,  operational,  and  mainte¬ 
nance  standpoint;  therefore,  the  near  optimum  system  could  be  defined  with 
relative  ease. 

-  Technology  was  not  as  advanced  and  consequently  did  not  offer  as  many 
different  concepts  or  designs  of  solutions  to  do  a  particular  job. 

-  The  number  of  alternatives  to  be  eliminated  before  arriving  at  the  preferred 
design  was  not  as  great. 

-  The  military  environment  and  the  threat  which  was  postulated  and/or  validated  as 
the  capability  of  the  possible  adversaries  were  less  complex. 

The  environment  for  Initiation  of  new  programs  changed  in  1961  by  the  adoption 
within  the  Department  of  Defense  (DOD)  of  a  planning,  programming,  and  budgeting  (PFB) 
system.  This  system  brought  together  the  missions  and  actions  of  all  the  military 
services  under  a  single  system  where  objectives  and  desires  of  all  the  services  could 
be  identified,  approved  or  disapproved,  and  assigned  funds  for  implementation.  The 
Secretary  of  Defense  also  established  technical  and  analytical  groups  within  his  own 
organisation  to  monitor  and  Implement  the  application  of  these  nev  procedures. 

Under  this  new  planning,  programming,  and  budgeting  system,  the.  Air  Force  requests 
to  OSD  for  approval  of  new  development  programs  were  subjected  to  critical  review  and 
inquiries  for  more  analytical  information.  The  decision-making  process  at  the  OSD 
level  had  changed  to  a  detailed  analytical  procedure  which  evaluated  each  aspect  of  a 
proposed  system  in  depth.  This  change  resulted  In  the  need  for  the  Air  Force  to  pro¬ 
vide  data  which  were  responsive  to  OSD  and  their  requests  for  specific  analyses.  A 
nev  formal  procedure  for  submitting  requests  for  initiation  of  engineering  development 
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of  new  systems  was  established  by  a  DOD  directive.  The  phase  of  effort  for  develop¬ 
ment  planning  was  Identified  In  this  directive  as  "concept  formulation"  and  preceded 
the  other  phases  of  a  system  life  cycle  such  as  contract  definition,  acquisition,  and 
operational  phases. 

The  changes  in  organization  at  the  OSD  lavil,  adoption  of  the  PPB  system,  and  the 
DOD  development  Initiation  directive  had  an  ict  on  policies,  responsibilities,  and 
procedures  for  obtaining  new  and  Improved  c  mi  ional  capabilities  and  changed  the 
philosophy  from  the  old  "requirements"  document- ,  approach  we  mentioned  earlier  to  a 
new  approach  which  employs  Required  Operational  Capability  (ROC)  and  Required  Action 
Directive  (RAD)  documents. 

The  development  planning  process  Is  now  characterized  by  many  concurrent  and  Itera¬ 
tive  actions  which  are  selected  on  a  case-by-case  basis  and  not  by  any  simply  structured 
procedure.  The  process  may  begin  with  the  statement  of  an  operational  deficiency  or 
need  expressed  by  IK)  USAF  or  by  a  major  air  command  in  a  Required  Operational  Capa¬ 
bility  (ROC)  document,  orally  or  by  letter.  In  response  to  a  ROC,  HQ  USAF  will  normally 
Issue  a  Requirements  Action  Directive  (RAD)  which  has  resulted  from  consideration  of 
the  views  and  comments  by  the  other  commands  and  organizations  concerned  with  the  ROC. 
The  RAD  may  direct  the  Systems  Coomand  to  perform  planning  actions  such  as  advocacy  of 
a  new  system  and  the  preparation  of  a  Concept  Formulation  Package/Tachnlcal  Development 
Plan  (CFP/TDP),  preparing  of  a  proposal  for  advanced  development,  accomplishment  of  a 
mission  analysis,  or  accomplishment  of  a  technology  application  study.  These  specific 
development  planning  activities  are  the  heart  of  the  development  planning  process  and 
provide  the  basis  for  the  proposals  for  new  systems  and  equipment  which  will  meet  a 
deficiency  or  the  need  for  a  new  or  Improved  operational  capability.  The  CFP/TDP 
dociasent  mentioned  previously  is  the  proposal  document.  This  document  Is  forwarded 
from  the  Systems  Command  through  HQ  USAF  and  the  Secretary  of  the  Air  Force  (SAF)  to 
the  Office  of  the  Secretary  of  Defense  (OSD)  for  decision.  Within  OSD  the  Office  of 
the  Director  of  Development,  Research,  and  Engineering  (ODDRSE)  then  prepares  a 
Development  Concept  Paper  (DCP)  In  conjunction  with  the  offices  of  the  Assistant 
Secretaries  of  Defense.  The  DCP  Is  a  sjmmary  document  which  describes  the  problem, 
recommended  solution,  and  other  facets  of  the  proposal  with  any  OSD  reconzaendatlons 
for  final  review  and  decision  by  the  Secretary  of  Defense.  If  the  Secretary  of 
Defense  approves  the  proposal,  a  memorandum  is  Issued  to  initiate  contract  definition 
or  other  appropriate  action  leading  to  hardware  development.  This  approval  Is 
reflected  as  a  change  In  the  Five  Year  Defense  Program  (FYDP) ,  the  master  document 
for  recording  the  planning,  programming,  and  budgeting  decisions. 

The  foregoing  brief  summary  of  the  process  of  development  planning  has  centered 
on  general  procedures  and  does  not  bring  out  the  details  of  the  key  activities  that 
contribute  to  valid  proposals  for  new  systems  and  equipment.  The  key  activities  are 
those  which  were  previously  Identified  l-i  the  process  as  (1)  advocacy  and  preparation 
of  the  CFP/TDP,  (2)  preparation  of  a  proposal  for  advanced  development,  (3)  a  mission 
analysis,  and  (4)  a  technology  application  study.  Let  us  look  at  each  of  these 
activities  In  greater  detail: 


Category  "A"  Advocacy 

Proposals  for  new  systems,  subsystems,  major  modifications,  or  technical  facili¬ 
ties  are  Initiated  by  preparation  of  a  CFP/TDP  which  is  used  as  an  advocacy  document  to 
present  a  convincing  basis  for  obtaining  program  approval,  entry  In  the  FYDP,  and 
release  of  appropriate  directives  and  funds  for  contract  definition  or  development. 

Normally,  the  first  step  is  to  teat  the  readiness  of  the  effort  to  advocate  a  new 
development  by  preparing  a  clean,  detailed  presentation  of  the  operational  functions, 
concepts,  and  environment  for  the  proposed  new  item.  If  this  first  step  cannot  be 
accomplished,  the  effort  may  be  redirected  to  another  planning  activity  which  Is  a 
mission  analysis.  If  the  first  step  Is  satisfied,  the  next  step  Is  preliminary 
design  which  Includes  trade-off  analyses  and  results  In  proposed  designs,  costs,  and 
schedules  and  establishes  what  is  feasible.  Cost  effectiveness  models,  based  on  the 
competing  designs  and  operational  concepts,  are  developed  for  use  during  preparation 
of  the  CFP/TDP  and  for  use  In  the  follow-on  contract  definition  effort.  Selection  of 


the  representative  preliminary  design  to  be  Included  In  the  CFP/TDP  Is  accomplished 
by  assessment  of  the  utility  of  the  competing  preliminary  designs  and  available 
systems  and/or  equipment.  Management  and  procurement  procedures  which  are  most 
applicable  to  the  specific  program  are  also  examined  and  identified. 

The  output  of  this  activity  fa  the  CFP/TDP  which  we  will  now  discuss  in  more 
detail. 


Concept  Formulation  Package/Technical  Development  Plan  (CFP/TDP) 


The  CFP/TDP  Is  a  versatile  document  which  may  vary  in  content  but  contains 
sections  on  rationale,,  syatem  description,  and  program  description.  The  rationale 
section  explains  why  a  particular  design  concept  was  selected  and  why  It  offers  enough 
utility  to  Justify  expenditure  of  money  for  contract  definition  or  development  now 
and  not  at  a  later  time.  This  rstlonale  is  based  on  objective  analyses  and  persua¬ 
sive  advocacy  based  on  a  policy  of  open  disclosure  in  which  all  evidence  pertaining  to 
the  case  is  presented.  Technology  plots  may  be  used  to  illustrate  comparisons  of 
competitive  designs  and  the  threat.  The  system  description  section  describes  the  new 
item  In  terms  of  a  representative  design  and  includes  the  operational  concept  of  the 
system. 


The  program  description  section  has  three  subsections,  the  plan  for  implementation 
of  the  program,  the  costs,  and  the  schedules.  The  plan  for  implementation  of  the  pro¬ 
gram  has  its  own  unique  characteristics.  Qnphasls  is  placed  on  how  the  next  phase, 
contiact  definition  or  initial  development,  is  to  be  conducted  although  the  section 
Includes  information  on  the  later  phases  of  development  and/or  acquisition.  Infor¬ 
mation  on  management  approach,  procurement  plan,  types  of  contracts.  Request  for 
Proposal  (RFP)  features,  and  source  selection  plan  highlights  may  be  presented  in  this 
section.  The  cost  and  schedule  subsections  are  based  on  established  estimating  pro¬ 
cedures  and  are  as  realistic  as  estimating  procedures  allow. 

The  CFP/TDP  Is  a  summary  volume  and  therefore  Is  not  a  very  thick  document.  The 
content  of  each  section  Is  selected  to  present  only  the  pertinent  and  significant 
information  to  the  reader  who  is  in  the  echelon  of  decision  making.  If  required,  backup 
information  may  be  submitted  in  other  volumes  but  not  in  the  CFP/TDP.  The  CFP/TDP  as 
a  proposal  document  strives  to  be  concise  and  objective  without  involving  detailed  and 
routine  matters  which  may  divert  attention  from  the  important  Issues  for  decision 
making.  The  sequential  order  of  presenting  rationale,  system  description,  and  program 
description  represents  the  logic  of  the  proposal.  Any  weakness  in  the  rationale  section 
regarding  the  validity  of  a  threat  and  the  selection  of  the  optimum  system  to  negate 
It  may  nullify  the  best  system  description.  Also,  a  poor  description  may  nullify  the 
cost  and  schedule  estimates  in  the  program  description  If  the  system  description  did 
not  Identify  a  truly  representative  design.  The  system  effectiveness  and  cost  rela¬ 
tionship  of  the  proposed  system  versus  alternate  solutions  to  the  problem  must  bear 
out  a  favorable  advantage  to  the  selected  design. 

By  way  of  making  sure  that  CFP/TDPs  Include  data  which  may  be  of  concern  to  the 
decision  makers,  Informal  contacts  are  made  between  Air  Force  and  OSD  for  purposes  of 
exchanging  Ideas  on  the  particular  area  of  concern.  Items  of  concern  which  should  be 
addressed  are  then  included  In  the  preparation  of  the  CFP/TDP. 

The  CFP/TDP  represents  the  Air  Force's  proposal  for  a  syatem  or  a  piece  of  equip¬ 
ment  which  will  negate  a  threat  or  eliminate  an  operational  deficiency.  The  support 
and  talent  expended  in  preparing  the  CFP/TDP  therefore  Includes  the  best  available  in 
government  and  industry  and  is  a  product  of  a  truly  national  effort. 

Category  "B"  Demonstration  of  Technical  Feasibility 

This  rianning  activity  advocates  the  demonstration  of  the  technical  feasibility 
of  some  technique  or  concept  as  a  necessary  step  before  proposing  a  new  system  or 
item  of  equipment  as  a  Category  "A"  advocacy  effort  for  the  operational  Inventory. 

The  out >ut  of  a  Category  "B"  effort  is  a  document,  Proposal  for  Advanced  Development. 
This  do  :ument  is  prepared  by  the  Systems  Command  and  contains  the  following  types  of 
information: 


-  Description  of  the  concept  or  technique  for  which  the  demonstration  of  tech¬ 
nical  feasibility  Is  intended. 

-  Description  of  the  technical  approach  and  the  proposed  demonstration. 

-  The  cost  and  schedule  estimates  for  the  demonstration. 

-  Rationale  on  the  potential  payoff  if  feasibility  is  proven  and  why  a 
particular  approach  was  selected. 


Successful  advocacy  of  a  demonstration  is  followed  by  an  advanced  development 
program  which  accomplishes  the  demonstration.  The  results  of  the  demonstration  then 
become  a  technology  input  to  a  Category  "A"  Advocacy  effort  which  may  propose  the 
development  of  a  new  system  or  item  of  equipment  for  the  operational  inventory. 


Category 


Mission  Analysis 


Mission  Analyses  examine  in  depth  a  particular  operational  mission  or  function 
to  identify  new  and  promising  concepts  to  correct  existing  or  potential  operational 
deficiencies.  The  results  of  a  mission  analysis  may  warrant  initiation  of  other 
planning  activities  such  as  advocacy  and  proposal  of  a  new  system  as  described  under 
Category  "A"  planning  activity  or  Proposal  for  Advanced  Development  and  demonatration 
as  described  under  Category  "B"  planning  activity.  The  quality  and  validity  of  these 
other  planning  activities  are  often  dependent  on  how  well  the  mission  analysis  was 
performed  and  whether  truly  effective  concepts  of  systems  were  identified. 


There  la  no  one  procedure  for  accomplishing  mission  analyses.  They  may  be 
accomplished  by  personnel  from  any  level  of  Systems  Command,  other  major  commands. 

Air  Staff,  other  services,  or  a  task  force  comprised  of  qualified  persons  from  several 
services  inside  and  outside  of  government.  In  every  case  the  using  command  la  inti¬ 
mately  a  part  of  the  mission  analysis  team,  and  in  many  instances  the  using  command 
furnishes  the  mission  analysis  director.  There  is  also  no  standardized  format  for  the 
resulting  mission  analysis  report  since  each  report  is  tailored  to  best  present  the 
activities  and  results  of  a  specific  mission  analysis  effort. 

In  summary,  the  mission  analysis  is  truly  a  "key"  activity  s' ice  it  provides  the 
valid  basis  for  Category  "A"  advocacy  efforts  for  new  systems.  Category  "B"  proposals 
for  advanced  development,  and  guidance  to  the  exploratory  development  by  recognition 
of  far-out  concepts  which  demand  new  technology. 


Category 


Techno log 


plication  Studies 


The  technology  application  studies  are  accomplished  to  exploit  new  technological 
breakthroughs  and  improvements  for  military  application.  Such  a  study  examines  a 
specific  technological  advancement  to  determine  potential  applications  to  various  opera 
tlonal  Air  Force  missions  and  functions  or  even  completely  new  military  concepts  depend 
lng  on  the  uniqueness  of  the  breakthrough.  These  advancements  do  not  happen  In  pro¬ 
fusion,  but  nuclear  energy,  satellites,  lasers,  and  high  strength  boron  fibers  are 
examples  of  noteworthy  technical  advancements  which  have  opened  doors  to  new  or  poten¬ 
tial  military  capabilities. 


Technology  application  studies  often  result  in  other  planning  activities  such  as 
Category  "A"  Advocacy  for  a  New  System  and  Category  "B"  Proposal  for  an  Advanced 
Development  Program  to  demonstrate  the  feasibility  of  a  new  technique. 

The  planning  process  and  activities  (Category  A,  B,  C,  and  D)  as  described  have 
been  in  practice  for  the  past  three  years  in  the  Air  Force;  programs  for  bombers, 
fighters,  missiles,  comsund  and  control  systems  have  been  or  are  being  proposed  by 
use  of  this  process. 

The  foregoing  paragraphs  have  examined  the  broader  aspects  of  development 
planning  activities.  The  following  paragraph  will  review  a  specific  tool  and  metho¬ 
dology  which  addresses  the  problem  of  defining  the  characteristics  of  a  proposed 
weapon  system  during  the  preparation  of  the  rationale  section  of  the  Concept  Formu¬ 
lation  Package/Technical  Development  Plan  (CFP/TDP)  for  the  Category  A  activity  and 
provides  a  means  for  good  communication  among  the  development  planners,  the  future 
users  of  the  proposed  weapon  system,  and  the  decision  makers. 


This  problem  Is  characterized  by  t!..  user  not  knowing  what  technology  can  provide; 
consequently,  he  does  not  know  what  specific  performance  to  ask  for.  On  the  other  hand, 
the  designer  doee  not  know  what  the  user  needs  and  therefore  does  not  know  what  per¬ 
formance  to  provide.  This  communication  problem  must  be  solved  if  the  planner  is  to 
successfully  accomplish  the  establishment  of  the  characteristics  of  the  proposed  system. 
The  planner  must  also  assure  that  he  has  the  design  solution  which  best  satisfies  the 
user's  need.  If  systems  design  were  an  exact  science,  then  this  problem  would  be  solved 
along  with  the  communications  problems.  However,  systems  design  is  an  art  and  the 
planner  will  have  to  evaluate  more  than  one  design  approach  to  identify  the  best  solu¬ 
tion.  His  problem  is  to  find  an  effective  method  for  doing  this. 

There  is  a  simple  and  direct  approach  which  resolves  these  problems.  The  approach 
is  based  upon  the  use  of  a  powerful  tool  called  the  "technology  plot." 

Technology  plots  are  graphs  which  display  the  Interrelationships  among  the  critical 
operational  parameters  of  interest  to  the  user.  Every  point  on  a  technology  plot  repre¬ 
sents  an  aircraft  design  which  the  user  could  select  as  the  design  solution.  For 
example,  technology  plots  for  an  attack  transport  would  display  the  trade-offs  among 
range,  runway  length,  payload,  and  flyaway  cost.  A  sufficient  number  of  technology 
plots  are  required  to  cover  the  full  spectrum  of  potential  technical  approaches  as 
defined  by  configuration,  engine  cycle,  number  of  engines,  etc. 

The  value  of  technology  plots  in  threef  Id.  First  and  most  Importantly,  they  close 
the  communications  gap  because  they  give  the  user,  planner,  and  designer  a  common  basis 
for  discussing  the  problem.  Second,  they  provide  a  means  for  comparing  the  various 
technical  approaches.  For  example,  diverse  technical  approaches  can  be  compared  by 
simply  overlaying  the  technology  plots  and  examining  differences  in  the  trend  lines. 

It  is  also  possible  to  use  the  technology  plots  to  determine  the  optimal  design  solu¬ 
tion  for  each  technical  approach  and  then  to  compare  the  optimal  designs;  this  is  an 
Important  characteristic  of  the  technology  plot.  Sufficient  data  is  available  with 
which  the  user  or  planner  can  select  the  design  based  upon  a  rationale  of  his  own 
choosing,  rather  than  having  to  accept  a  design  which  was  selected  as  optimal  based 
upon  the  rationale  of  the  designer.  Third,  technology  plots  provide  a  convenient  and 
complete  data  base  for  conducting  cost  and  effectiveness  analysis  aimed  at  defining  the 
most  efficient  design  solution. 


In  order  to  employ  technology  plots  in  concept  formulation,  the  designer  must 
generate  design  and  performance  data  for  a  full  spectrum  of  potential  design  solutions. 
The  process  is,  of  course,  a  time  consuming  one  requiring  iteration  and  refinement; 
however,  the  generation  of  a  large  amount  of  relatively  hard  data  is  feasible  with 
digital  computers  and  comprehensive  system  design  programs. 


The  next  step  in  preparing  the  technology  plot  is  for  the  designer,  with  the  help 
of  the  planner,  to  identify  the  key  variables  and  develop  the  most  illuminating  tech¬ 
nology  plots.  This  is  accomplished  through  a  trial  and  error  process.  The  following 
ground  rules  are  used  in  preparing  the  plots.  First,  as  many  key  variables  as  practical 
are  shown  on  one  chart.  Second,  other  plots  and  crons  plots  are  used  where  necessary. 
Third,  sub-optimization  should  be  kept  to  a  minimum  and  occur  at  the  last  possible 
moment  in  order  to  minimize  possible  distortion  of  the  trend  lines.  Finally,  a  com¬ 
plete  explanation  should  accompany  each  technology  plot  describing  the  basis  for  the 
computation  necessary  to  construct  the  plot. 

The  following  short  example  illustrates  the  approach  as  applied  to  a  proposed 
fighter  aircraft  which  is  to  have  better  maneuverability  than  advanced  threat  aircraft 
and  be  capable  of  gaining  and  maintaining  this  performance  over  enemy  territory. 
Consequently,  the  trade-off  between  mission  radius  and  maneuverability  must  be  examined 
to  determine  what  potential  performance  the  state-of-the-art  can  provide  in  the  time 
period  of  interest.  This  is  accomplished  for  the  proposed  aircraft  by  constructing  a 
technology  plot  as  shown  in  Figure  1  for  a  epecific  gross  weight. 

This  plot  is  constructed  with  maximum  load  factor  in  "C’s"  on  the  ordinate.  Load 
factor  la  computed  for  a  critical  design  condition  and  is  indicative  of  instantaneous 
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turning  capability.  Mission  radius  based  upon  a  design  mission  profile  is  shown  on 
the  abscissa.  The  curves  are  constructed  by  connecting  designs  having  constant  thrust- 
to-welght  (T/W)  ratio  and  constant  wing  loading  (W/S).  Every  point  upon  this  plot 
represents  a  potential  design  solution.  Notice  that  the  plot  shows  we  can  obtain  a 
high  Instantaneous  turn  capability  and  a  good  mission  radius  with  an  aircraft  having  a 
low  wing  loading  and  low  thrust-to-weight  ratio;  but  good  maneuverability  also  Implies 
good  rate-of-cllmb  performance  and  good  acceleration.  These  performance  parameters 
can  be  shown  on  the  plot,  Figure  ‘l,  by  connecting  designs  (dash  lines)  having  constant 
values  such  as  Performance  Parameter  A.  Parameter  A  gives  a  direct  Indication  of 
Instantaneous  rate  of  climb  at  a  critical  low  "G"  condition.  Notice  that  to  Improve 
Instantaneous  rate  of  climb  we  would  reduce  mission  radius  and  Instantaneous  turning 
"C."  Performance  Parameter  "B"  shows  rate  of  climb  at  a  critical  high  ’G"  condition. 
Notice  that  for  a  given  weight  aircraft.  If  we  desire  to  increase  Instantaneous  rate 
of  climb  for  this  condition,  mission  rsdlus  must  be  reduced  as  before,  but  Instan¬ 
taneous  turning  "G"  must  be  Increased.  Considering  both  the  high  "C"  and  low  "C" 
performance  conditions.  It  Is  clear  that  an  Increase  In  maneuverability  can  only  be 
achieved  at  the  expense  of  mission  radius. 


Figure  3  Is  the  same  as  Figure  2  except  that  the  lsollnes  showing  thrust-to-welght 
ratio  and  wing  loading  have  been  removed  from  the  plot;  this  simplifies  the  graph. 
Although  these  parameters  are  important  to  the  aeronautical  engineer,  they  may  only 
confuse  the  user  in  Interpreting  the  trade-offs.  Moreover,  we've  found  that  our 
prejudices  concerning  the  design  characteristics  necessary  for  a  given  capability  tend 
to  lead  us  to  overlook  potential  design  solutions. 

Many  technology  plots  can  be  used  to  compare  different  design  approaches.  For 
example.  In  Figure  4  we  have  the  operational  trade-offs  for  a  different  proposed 
configuration.  By  comparing  this  plot  (dash  lines)  with  other  technology  plots  such 
as  the  previous  one  (solid  lines),  we  can  determine  which  particular  approach  provides 
the  best  performance.  In  this  example,  for  a  given  "G"  capability  and  radius,  the 
configuration  shown  In  solid  lines  has  better  maneuverability  than  does  the  configura¬ 
tion  represented  by  the  dash  lines.  This  can  be  seen  by  noting  that  performance 
parameter  lsollnes  shown  In  solid  lines  lie  to  the  right  of  those  shown  in  dash  lines. 

The  region  of  Interest  can  be  narrowed  by  applying  additional  constraints  to  the 
technology  plot.  This  la  done  by  defining  the  known  limits  of  the  performance  para¬ 
meters  of  the  threat  aircraft.  By  masking  the  region  where  the  proposed  system  would 
not  have  superior  maximum  "G"  turn  performance  (Figure  5,  region  below  line  X),  low 
"G"  rate  of  climb  (Figure  5,  region  above  line  Y) ,  and  high  "G"  rate  of  climb  (Figure 
S,  region  below  line  Z),  the  region  containing  the  potential  design  solution  for  the 
proposed  superior  aircraft  Is  defined  by  the  clear  area. 

There  are  other  considerations  such  as  cost  and  effectiveness  which  have  not  been 
Illustrated  In  this  short  discussion  of  technology  plotB.  However,  technology  plots 
provide  an  excellent  point  of  departure  for  such  considerations. 

Technology  plots  aid  the  development  planner  In  arriving  at  the  design  solution 
which  Is  consistent  with  the  state-of-the-art,  and  which  best  meets  the  user's  needs. 
Technology  plots  do  this  by  displaying  a  range  of  potential  aircraft  having  performance 
capabilities  which  are  achievable.  They  also  provide  the  user  a  graphic  description 
of  the  advantages  and  disadvantages  relative  to  changes  In  characteristics  he  may  wish 
to  make  after  considering  his  needs  in  light  of  what  technology  can  provide.  Moreover, 
technology  plots  provide  a  complete  data  base  for  subsequent  mission  and  force  struc¬ 
ture  studies  where  costs  and  effectiveness  can  be  thoroughly  Investigated. 

Closing  Statement 

Development  planning  has  evolved  within  a  changing  environment  as  an  effective 
process  for  Identifying  and  advocating  the  development  of  new  military  systems  and 
equipment.  The  activities  Included  In  the  pursuit  of  development  planning  utilize 
the  talents  and  techniques  of  the  operational  planner,  system  analysts,  systems 
designers,  technologists,  logisticians,  management  specialists,  and  procurement 
experts  within  a  disciplined  process  directed  to  the  goal  of  providing  needed  new  or 
Improved  operational  capabilities.  Procedures  and  means  of  communication  are  con¬ 
stantly  being  Improved  to  permit  the  best  understanding  between  the  future  users  of 
the  proposed  systems  and  the  design  engineers  who  establish  the  characteristics  of 
the  new  system  based  on  the  available  and  anticipated  technology. 
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